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ABSTRACT
GENETIC STRUCTURE OF PINUS STROBUS L. BASED ON 
FOLIAR ISOZYMES FROM 27 PROVENANCES
by
JANG-BAL RYU 
University of New Hampshire, May, 1982
Genetic structure of eastern white pine (Pinus strobus 
L.) was studied with foliar isozymes from 27 provenances by 
starch gel electrophoresis. Twenty-one loci, five fixed, 
coding for 12 enzyme systems, including three invariants, 
were used for this study. Indirect evidence for genetic 
control of these loci was discussed.
Substantial genetic differentiation within and among 
provenances was evidenced according to several indices. 
Based on 12 loci, mean values of average heterozygosity,
proportion of polymorphic loci and number of alleles per 
locus per provenance were .236, .69 and 2.01, respectively. 
By partitioning of total genetic diversity into its 
components, interprovenancial allele differentiation 
amounted to eight percent. Genetic distances among 
provenances, in general, increased as geographic distances 
increased. Provenances showing significant correlation
between the two distances from one provenance to all the
other provenances were clustered.
Allele frequencies at a few loci showed clinal 
variation with latitude. Central and marginal provenances 
were identified with cluster analysis, when all alleles were 
used. Another cluster analysis with frequencies of six 
alleles chosen for their high contributions to common 
variance in a factor analysis showed four clusters of 
provenances. Some ecotypic variation was indicated in the 
southern Appalachians and in the northern part of the 
species range.
Relationships among isozyme variables and growth 
performance were strong at a few loci. High average 
heterozygosity seems to be favoured in northernmost 
plantations. Southern provenances with high average
heterozygosity showed better growth and less variability for 
relative height growth in northernmost plantations. 
Relationships among isozymes and morphological and
physiological traits were relatively strong, whereas 
relationships among isozymes and concentrations of
monoterpenes were relatively weaker.




ISOZYME VARIATION IN PINUS STROBUS FOLIAGE
INTRODUCTION
Genetic variation, the basis of any genetic 
improvement, has been studied in economically important tree 
species over a few decades. Characteristics used for 
identifying genetic variation have been mostly quantitative 
such as growth and needle length. Some exceptions are: 
morphological markers such as albinism, disease resistance, 
or composition of monoterpenes.
During the last decade, electrophoretic techniques have 
been used for studies of genetic variation in forest trees, 
as well as for other important studies in forest genetics. 
Early isozyme studies of forest trees compared numbers or 
patterns of bands between individuals or populations with no 
designation of loci or alleles (Rasmuson and Rudin 1971, 
Sakai e_t 1^_. 1971, Sakai and Park 1971, Muhs 1974).
The following three independent papers dealing with 
inheritance of isozymes in forest trees were published in 
1971. Isozymes of one alcohol dehydrogenase (ADH) locus, 
and of two leucine aminopeptidase (LAP) loci in germinating
1
2embryos of knobcone pine (Pinus abbenuata Lemm.) segregabed 
according bo bhe laws of diploid inheribance (Conkle 1971 
a). The ADH locus had bwo alleles and showed a dimeric band 
pabbern; heberozygobes exhibibed one addibional
inbermediabe band bebween bwo codominanb bands. The bwo LAP 
loci had bwo alleles each and displayed a monomeric pabbern. 
Heberozygobes displayed bhe bwo codominanb bands only. 
Peroxidase (PER) inheribance in Siberian elm ((Jlmu s pumil a 
L.) leaf bissue was reporbed by Fereb and Sbairs (1971). 
One locus wibh bhree alleles was found among parenbs and 
conbrol-crossed progenies. They found one null allele, 
which showed no enzyme acbiviby. Barbels (1971) sbudied 
genebic conbrol of esberase (EST) from needles and 
megagamebophybes of Picea ab ies. All megagamebophybes from 
homozygous brees showed only one band, while bhose from 
heberozygous brees had bands segregabing in a 1:1 rabio.
In gymnosperm species, bhe megagamebophybe develops 
from one of bhe four macrospores of bhe bebrad following 
meiosis in bhe macrospore mobher-cell. A genebic analysis 
of a given bree is possible by comparing bhe isozyme pabbern 
of bhe diploid bissue wibh ,bhab of bhe haploid 
megagamebophybes. A genebic analysis of individual brees by 
analyzing isozymes in haploid megagamebophybes wibhoub 
crossing is of greab advanbage since conbrolled crossing and 
sbandard Mendelian inheribance sbudies can be avoided. 
Genebic sbrucbure of populabions or- provenances can also be 
sbudied bhrough bhe genebic informabion from each bree.
3Much has been reported based on megagametophytes of 
conifer seeds. Variation in ESP and LAP (Bergmann 1973), 
EST, LAP and acid phosphatase (AP) (Tigerstedt 1973) in 
Picea abies, and EST in Pinus pungens (Feret 1973) were 
reported. Variation in AP, glutamate-oxaloacetate 
transaminase (GOT) and LAP was studied in various species 
(Bergmann 1975, 1978, Lundkvist 1974, Muller 1977, Witter 
and Feret 1978). Simonsen and Wellendorf (1975) studied
variation of LAP, malate dehydrogenase (MDH), phosphoglucose 
isomerase (PGI or GPI) and phosphoglucomutase (PGM) in Picea 
sitchensis. Variation in AP, EST, LAP, glutamate 
dehydrogenase (GDH), GOT and MDH in Picea abies was observed 
(Lundkvist 1979). Variation of MDH, isocitrate 
dehydrogenase (IDH), fumarase (FUM), PGM, PGI, 
6-phosphogluconate dehydrogenase (6-PGD), LAP, GOT, AP and 
aconitase (AGO) were studied in Pinus rigida (Guries and 
Ledig 1977, 1978).
Isozyme variation in Pinus taeda has been frequently 
reported. Variation of a total of nine enzymes have been 
reported (Adams and Joly 1980 a, Conkle and Adams 1977, 
Florence and Rink 1980). In a study of hybrids between JP. 
rigida and P_. taeda, variation of GDH, GOT, LAP, 6-PGD, PGI 
and PGM was examined (Adams and Coutinho 1977).
Isozyme variation in Pinus sylvestris (Rudin and Ekberg 
1 978), in !P. banksiana (Tobolski 1979 ), in P_. strobus 
(Eckert et_ aj^ . 1981) and in Abies balsamea (Neale and Adams 
1981) were also studied. The number of isozymes studied in
4megagaraetophyte tissue of forest trees has increased to more 
than 30 isozymes (Neale 1980, personal comm.).
Diploid tissues, such as germinating embryos or 
foliage, were commonly used for earlier studies. Hamaker 
and Snyder (1973) tested 53 enzymes in needles of longleaf 
pine (P_. palustr is Mill.) and its hybrids. Nineteen 
enzymes were reported to be active and nine of them be 
potentially useful for genetic studies. Rudin and Rasmuson 
(1973) verified three loci of ESI in needles of _P. 
sylvestris, and Lundkvist (1974) reported three alleles at a 
LAP locus from needles of Picea abies. Inheritance of AP in 
Picea abies (Lundkvist 1 974 ), GOT in P_. sylvestris (Rudin 
1975), LAP, EST and AP in Picea abies (Lundkvist and Rudin 
1977), LAP, EST and GOT in Douglas-fir (Pseudotsuga 
menziesi i) (Yang ejt aJL. 1 977 ), were also studied with 
needles or germinating embryos. Copes (1979) reported 
isozymes of LAP and PER in bark and buds of Pseudotsuga 
menziesi i .
Isozyme studies with foliage or seedlings have been 
limited to a few enzymes, because abundant phenolics combine 
with enzymes and inhibit enzyme activity. To overcome the 
action of phenolics, extraction buffers have been developed 
(Kelly and Adams 1977, Loomis and Battaile 1966). With an 
improved grinding solution and procedures, Mitton et_ a 1 . 
(1979) detected polymorphism in six enzymes in mature 
needles of £. ponderosa. Foliage tissue has some 
advantages over megagametophyte tissue: enough samples may
5be collected at anytime during the year, and samples may be 
more representative of populations under study since seed 
production is not a requirement (Mitton e_t a_l. 1 979).
Isozymes in woody angiosperms have also been studied. 
In addition to the early study on PER in Ulmus pumila (Feret 
and Stairs 1971), PER in Quercus (Santamour 1981); EST and 
AP in fig trees (Ficus carica L.) (Valizadeh 1977); and LAP 
and AP in beech (Fagus sylvatica L.) (Kim 1979) were 
reported. Mating systems of Eucalyptus were studied using 
allozyme polymorphism (Brown ejt aJL. 1 975).
In general, most isozymes show codominant bands and 
follow the Hardy-Weinberg equilibrium. Application of 
isozyme variants to tree improvement can be very fruitful. 
Mating systems (Brown ej: jal_. 1 975, Muller 1 976 , 1 977);
linkage of genes (Adams and Joly 1980 b, Conkle 1981, Eckert 
et a 1 . 1981, Guries et_ ;al_. 1 978, Rudin and Ekberg 1 978);
hybrid (Adams and Coutinho 1 977, Morris £t al_. 1 980, 
Tobolski and Conkle 1977); and genetic structure of 
populations (Guries and Ledig 1981, Linhart et_ a_l. 1981, 
Yeh and O'Malley 1980) have been successfully studied with 
isozyme analysis. Variation in isozymes is a prerequisite 
for all of these applications. As different enzymes have 
different functions and as different loci show different 
levels of variation, detecting variation in as many enzymes 
and as many loci as possible is desirable.
The purpose of this first chapter is to study isozyme 
variation in foliage of eastern white pine (Pinus strobus 
L.). Genetics of isozyme variants and linkage on 17 loci in 
10 enzyme systems were studied from megagametophytes of 35 
clones of this species (Eckert £t_ al_. 1981). No work has 
been reported on foliar isozymes of this species. In this 
chapter, the variation of 21 loci in 12 isozymes from 27 
provenances of .P. strobus foliage will be reported. Band 
patterns, and frequency of each band were used to confirm 
allelism, which is prerequisite to further analysis of the 
genetic structure of provenances. The results of genetic 
structure analysis will be reported in chapter II.
MATERIALS AND METHODS
Foliage samples were collected from a provenance test 
plantation at Alfred, Maine in the winter of 1980. This 
plantation was established with 3-0 stock in 1960 as part of 
a range-wide provenance test project for this species by the 
USDA Forest Service (Garrett £t al_. 1 973 ). A total of 675 
samples, 25 trees from each of 27 provenances (Fig. 1 and 
Table 1), were collected over a one and one-half month 
period (from Dec. 17, 1980 to Feb. 3, 1981). One-year old 
foliage was packed in bags and placed in a cooler in the 
field. Samples were transported to the laboratory and 
stored in a refrigerator (3-4 C) no longer than 15 days 
before electrophoresis.
Sample preparation was according to methods of Mitton 
et al. ( 1 979) with some minor modifications. About one
gram of foliar tissue was ground to a fine, dry powder in a 
mortar and pestle under liquid nitrogen until it reached the 
proper consistency. Grinding solution (see below) was added 
to the powder and swirled with a glass rod until the powder 
became a paste. A small square of lens paper (Gorman 'and 
Kiang 1977) was placed on the paste as a filter' between the 
paste and paper wicks (8 x 2.5mm, Beckman No. 310329). The 
wicks were placed on the lens paper with forceps and pushed 








s Natural range of 
Pinus strobus.
Fipure 1. Pap of provenances used in this study.
Table 1. Twenty-seven provenances of Pinus strobus.
No. Location Lat. Longi. Ele.
1 Union Georgia 34-. 8 84.0 747 m
2 Transylvania North Carolina 35-2 82.6 647
3 Greene Tennessee 3 6 . 0 82.8 686
4 Garrett Maryland 39.7 7 8 . 8 745
5 Greenbrier West Virginia 3 8 . 0 80.5 788
6 Monroe Pennsylvania 41.1 75-4 549
8 Clearfield Pennsylvania 4-1.0 78.5 -
9 Clearfield Pennsylvania 4-0.8 78.5 459
10 Ulster New York 42.0 74.0 244
11 Ulster New York 41.8 74.3 -
12 Franklin New York 44.4 74.3 488
13 Worcester Massachusetts 42 . 5 72.3 381
14 Penobscot Maine 44.9 6 8 . 6 46
15 Allamakee Iowa 43.3 91.5 303
16 Ashland Ohio 40.8 8 2 . 3 303
18 Forest Wisconsin 45.5 88 . 5 455
19 Cass Minnesota 47.5 94.5 396
20 Lunenburg Nova Scotia 44.4 64.6 46
21 Sunbury New Brunswick 46.0 6 6 . 3 61
22 Quebec Quebec 47.5 72.0 167
23 Pontiac Quebec 47.5 77.0 303
24 Norfolk Ontario 42.7 8 0 . 5 229
25 Algoma Ontario 46.2 82.6 198
27 Carroll New Hampshire 43.8 71.4 185
28 Lake Minnesota 48.1 91.3 396 .
29 Houghton Michigan 44.3 84.8 183
30 Pulaski V irginia 36.9 81.0 727
wicks then were used to introduce the extract to gels for
horizontal starch gel electrophoresis.
Grinding solution was prepared the day it was used. 
For 40 samples, 75mg of germanium dioxide was dissolved in 
75ml of boiling water. The solution was cooled and 1.1g of 
sodium borate (decahydrated), 0.3g of sodium bisulfite, 4.0g 
of soluble polyvinylpyrrolidone (PVP-40T), 4.0g of
L-ascorbic acid and 275mg of diethyldithiocarbanic acid were 
added. Then 8ml of potassium phosphate buffer (0.16M 
KH^PO^, pH 7.0) was added. Finally, 8ml of dimethysulfoxide 
(DMSO), 0.5ml of 2-phenoxyethanol and 1.6ml of 10 percent 
2-mercaptoethanol were also added. Important points for 
satisfactory results are: all the chemicals should dissolve
completely, the powder should be well ground, 1.5ml of 
grinding solution should be mixed with the powder for five 
wicks, wicks should be soaked completely, and samples; 
grinding solution; and wicks should be kept cold.
Twelve percent (w/v) starch gels were made from 
two-thirds electrostarch (Electrostarch Co., Madison, Wis.) 
and one-third Sigma starch (Sigma Chemical Co., St. Louis, 
MO.) (Eckert ejt a_l. 1981). For four gels, 120g of starch 
was needed. The wicks were inserted into a slice (origin) 
made across the gel 4cm from the cathodal end. Each gel 
accomodated 20 to 25 wicks. Gel and electrode buffers used 
for this study are presented in Table 2. Note that each 





Table 2. Buffers^/ and conditions for electrophoresis.
1. Lithium borate pH 8.1 - Tris citrate pH 8.3 





Gel : 1 part A, 9 parts B
Electrode s A only
Amperage^": 15-^0 mA 
Duration i about 5 hours
2. Tris citric acid pH 8.^5 - Sodium borate pH 8.0 
(Hamrick 1980, personal comm.) for GOT, SDH and ME
Gel : Tris 121.1 g
Citric acid (monohydrate) 25.2 g
Adjust pH with 0.2M citric acid
Electrode : Boric acid 166 g
b / NaOH 20 g
Amperage—' : ^5-65 mA
Duration : about 3 hours
3. Tris citric acid pH 7-7 - Sodium borate pH 7-5 
(Mitton et al. 1977) for PER, F-EST, PGM and 6-PGD
Gel s Tris 14.5 g
Citric acid (monohydrate) 5*8 g
Electrode : Boric acid 115-875 g
NaOH ^.65 g
Amperage—' : 5-25 mA
Duration : about 4 hours
if. Citric acid pH 6.1
(Neale 1980, personal comm.) for MDH and IDH
Gel : Is20 dilution of electrode buffer
Electrode : Citric acid (anhydrous) 76.838 g
Adjust pH with morpholine
Amperage—^s ^5-55 mA 
Duration s k hours
a/ s For 10 liters, distilled water should be added 
to volume for each buffer.
b/ : First amperage for 20 minutes, .then the second 
amperage .
Elctrophoresis procedures were essentially those 
described by Adams and Joly (1980 a) and are summarized in 
Table 2. Electrophoresis was carried out in a refrigerator 
at approximately 3 C. Wicks were removed after the first 20 
minutes. Gels were run until the'borate front had migrated 
8cm beyond the origin. Gels run with buffer system four 
showed no visible front and were run for four hours. 
Amperage changes during a run were adjusted at about 
half-nour intervals. During electrophoresis, staining 
solutions for 12 isozymes were prepared. . Following 
electrophoresis, the anodal portion of the gels were sliced 
with a Buchler gel slicer (Buchler Instruments Inc., Fort 
Lee, NJ). When using the upper slices, the inner side was 
placed facing upward in a staining tray for best staining. 
The middle slices were used for enzymes difficult to stain. 
All isozymes except fluorescent esterase (F-EST) were 
stained in a dark incubator at 37 C.
Staining recipes are presented in Table 3. Staining 
recipes for LAP, PGI, PGM and GOT are from those of Adams 
and Joly (1980 a) with small modifications. For PER and 
F-EST, the recipes of Mitton e_t £l_. ( 1 977, 1 979) were used
with minor changes. For the remaining isozymes, Hamrick's 
recipes (1980, personal comm.) were used, also with small 
modifications. In the case of F-EST, the bands were 
observed under a fluorescent lamp immediately after the 
staining solution was poured on the slices in the dark. The 
band patterns were recorded.quickly, as they disappeared in
Table 3- Stain recipes for foliar enzymes^7.
Enzyme Recipe
LAP L-leucyl SL-napthamide 35 mg
.2M Tris maleate buffer pH 3 •8 89 ml
.2M NaOH 45 ml
Black K salt 90 mg
H 2 0 53 ml
PGI 1M Tris HC1 pH 8.0 4.6 ml
MgClp(lO^) 8 . 8  ml
MTT 30.0 mg
PMS 7* 5 rag
G-6-PDH (10 u/ml) 6.5 ml
Fructose-6-P 10.5 ml
NADP 10.0 mg
H 20 170 ml
GDH-/ .05M Tris HC1 pH 8.5 12.0 ml




Agar solution {!%) 18.0 ml
GOT Pyridoxal-5'-phosphate 8 mg
L-aspartic acid 320 mg
A-ketoglutaric acid 160 mg
1M Tris HC1 pH 8 . 8  14 ml
Fast blue BB salt 240 mg
H 20 186 ml
ME 1M Tris HC1 pH 7*0 9 ml
MgCl2 (10#) 2 ml




SDH^/ .05M Tris HC1 pH 8.0 13.5 ml
MTT 7.5 rag
PMS 9 rag
(-) shikimic acid 12 mg
NADP 12 mg
Agar solution (1#) 18 ml
PER 3-amino-9-ethyl cabazole 100 mg
1M Na acetate buffer pH 5*0 30 ml
Dimethyl forraamide 5 ml
.1M CaCl2 4 ml
Table 3* (continued)
Enzyme Recipe
F-EST methylumbelliferyl acetate 71 mg
Acetone bo ml
1M Na acetate pH 5*0 29 ml
h 2o lib ml




h 2o lb7 ml
G-1,6-DP {.05%) 2 . 5 ml
Na2G-l-P (195) 12.5 ml
G-6-PDH (10 u/ml) 13 ml
NADP 8 mg
6-PGD^/ 6-PG 7*5 mg
h 20 1 ml
.05M Tris HC1 pH 8.0 10.5 ml
MgCl?(10fo) 1.5 ml
MTT 15 mg
PMS b. 5 mg
NADP 6 mg
Agar solution (1%) 18 ml
MDH^/ .25M Tris HC1 pH 8.6 12 ml




Agar solution {!%) 18 ml






Agar solution (1%) 18 ml
a/ s All recipes are for three gel slices, 
b/ : Indicates agar overlay staining method.
1 5
a few minutes.
The agar overlay method was adopted for the staining of 
GDH, SDH, 6-PGD, MDH and IDH. Hot agar solution ( 1 % ) was 
mixed with the staining solution for each enzyme and poured 
on the slices.
The incubation period for best staining depended on the 
isozymes. Half an hour was enough for LAP, GOT and SDH, but 
overnight incubation was needed for the ME1 locus. The band 
patterns were recorded before and after fixing the slices in 
50 percent ethanol. All gels were then stored for future 
reference. When any band pattern was unreadable or an 
unrecorded band pattern was observed, electrophoresis was 
repeated with the same sample for the specific isozyme.
If more than one zone was recognized, the faster
migrating zone was designated as locus 1 and the next zone 
as locus 2, etc. This convention was also followed for
allele designation at a locus. The allele frequencies of 
each polymorphic locus for each provenance were tested with 
the chi-square test against the Hardy-Weinberg equilibrium, 
as a part of evidence for genetic control of polymorphic
loci.
RESULTS AND DISCUSSION
The band patterns of each isozyme will be described and 
compared with previous papers. Genetic control of these 
isozymes is discussed in a section which follows pattern 
description.
Band Patterns
Leucine aminopept idase (LAP) E.C.3.4.11.1
Three different zones of activity and three isozyme 
variants per zone were observed in foliage, similar to 
megagametophyte tissue of this species (Eckert et_ al. 
1981). The first zone stained faintly, the second zone 
intensely, and the third zone was intermediate in stain
intensity. One allele at the LAP1 locus was apparently a 
null allele. All three loci showed the pattern of a 
monomer; heterozygctes, except those with the null allele, 
show two codominant bands. In the case of the null allele, 
heterozygotes could not be distinguished from the
homozygotes of the other allele. The number of band 
patterns observed for LAP1, LAP2 and LAP3 were four, five 
and five, respectively (Fig. 2). The two possible but 
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Figure 2. Eand pattern and genotype designation for LAP, 
GLH and PGI.
Rf is the migrational distance relative to the 
front from the origin.
Solid line and dotted line indicates observed, 
and expected but unobserved genotypes, 
respectively.
LAP is a proteolytic enzyme which catalyzes the removal 
of the N-terminal residue of peptides. LAP is widely 
distributed in plants (Scandalios 1969) and animals. Its 
activity has been observed in foliage, bark, embryo and 
megagametophyte of various tree species. LAP activity was 
persistent during germination and early growth of JP. 
attenuata (Ccnkle 1971 b). Three loci have been reported 
for J?. attenuata (Conkle 1971 a) and Pseudotsuga menziesii 
(Yang e_t_ a_l. 1 977 ). Two loci for LAP have been reported 
for many conifers (Adams and Joly 1980 a, Bergmann 1973, 
Copes 1979, Conkle 1981, Guries and Ledig 1978, Lundkvist 
1974, Muller 1976, Neale and Adams 1981, Rudin 1977, 
Simonsen and Wellendcrf 1975, Tobolski 1979).
LAP is known to be a monomer in all conifers studied to 
date. Null alleles of LAP and other enzymes have been 
frequently reported in various species. However, Guries and 
Ledig (1978) suggest that "null" alleles will show activity 
when electrophoretic conditions or staining procedures are 
modified.
Phosphoglucose Isomerase (PGI) E.C.5.3.1.9
Two zones of activity for PGI, three alleles each, 
similar to results obtained from megagametophyte tissue of 
the same species (Eckert ert a_l. 1981), were obtained. The 
PGI1 bands stained faintly and the broad PGI2 bands were 
intensely stained. Seven band patterns of 12 possible 
patterns were observed. The fastest and slowest allele at
PGI1 and the slowest allele at PGI2 were not detected in the 
homozygous condition (Fig. 2), which was not surprising 
considering the low frequencies of those alleles (Appendix 
3-1). PGI had the most missing patterns among the nine 
polymorphic enzymes observed. Five missing patterns in PGI 
comprised over half of the nine missing patterns over all 
loci studied.
PGI catalyzes the second step in the glycolytic 
pathway, that being the conversion of glucose-6-phosphate to 
fruetose-6-phosphate. Isozyme variants in PGI have been 
observed in humans, animals and plants.
Two zones of PGI activity, similar to those observed in 
the current study, were reported for megagametophyte tissue 
of £. rigida (Guries and Ledig 1 978), £. taeda (Adams and 
Joly 1980 a), JP. contorta and £. j ef fr eyi (Conkle 1981),
and Abies balsamea (Neale and Adams 1981). One locus with 
three alleles was reported in _P. ponderosa foliage (Mitton 
et a 1 . 1 979). Simonsen and Wellendorf ( 1975) reported two
loci in Picea sitchensis without clear allele designation.
PGI in P_. r ig ida and £. t aed a was dimeric; 
heterozygotes show one additional intermediate band between 
two codominant bands. In the current study, heterozygotes
at both loci showed one broad combined band. Therefore, it
was impossible to say whether the form was monomeric or
dimeric.
Glutamate Dehydrogenase (GDH) E.C.1.4.1.2
Only one invariant band for GDH was observed, as was 
reported in megagametophyte tissue of this species (Eckert 
et al. 1981). The same results were obtained in
megagametophytes of £. attenuata, P_. jeffreyi and £.
lambertiana (Conkle 1981). One locus with two to five 
alleles was reported from many other conifers (Adams and 
Coutinho 1 977, Adams and Joly 1 980 a, Conkle 1981, Mitton e_t 
a 1 . 1 979 , Tobolski 1 979 ). Unusual band patterns for
heterozygotes of GDH have been reported. Heterozygotes show 
a single band approximately midway between the homozygote 
bands (Adams and Coutinho 1977, Adams and Joly 1980 a, 
Mitton ejb a_l. 1 979 ).
GDH is an important zinc containing enzyme which 
catalyzes the following reaction:
NAD + H^O + L-glutamic acid <-- >
alpha-ketoglutaric acid + NADH + H + NH.
The oxidative deamination is an important process in 
senescent plant organs where nitrogen needs to be returned 
to the growing parts. The reductive amination catalyzed by 
GDH is the principal route for the incorporation of ammonia 
into amino acids (Gorman 1976).
Glutamate-oxaloacetate Transaminase (GOT) E.C.2.6.1.1
Three zones of GOT activity were observed (Fig. 3). 
The first two zones stained more .intensely than the third 
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Figure 3. Band pattern and genotype designation for GOT, 
SDH and ME.
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null allele as in LAP1. The slow allele at G0T1 was slower 
than the two alleles at G0T2. Similar results were obtained 
with megagametophyte tissue of this species (Eckert e_t a 1 . 
1981). Both G0T2 and G0T3 consisted of two alleles which
showed monomeric patterns, while G0T1 showed the dimeric
pattern. GOT3 showed doubly-staining variations. All ten 
possible band patterns were observed (Fig. 3).
GOT catalyzes the transamination reaction of L-asparate 
and alpha-ketoglutarate to oxaloacetate and L-glutamate for 
use in the tricarboxylic acid cycle. GOT is one of the 
frequently studied isozymes both in megagametophyte and
diploid tissue of many conifer species.
Three zones of GOT activity have been observed in 
raegagametophytes of P_. attenuata, P_. t aed a , P_. jef freyi , 
£. 1 amber t iana , Pseudotsuga menzies i i (Conkle 1981), ?_.
sylvestris (Rudin and Ekberg 1978) and Abies balsamea (Neale 
and Adams 1981). Two zones of GOT activity were reported 
for Pseudotsuga menziesii seedlings (Yang e_t £l_. 1 977), in
megagametophytes of £. rigida (Guries and Ledig 1978), P_.
Virginiana (Witter and Feret 1978), £. banksiana (Tobolski 
1979) and .P. contorta (Conkle 1981). Triple-staining bands
were reported in P_. banks iana and P_. taeda. In the former
species, one or two bands of triplicates were found in the 
cathodal strip.
GOT was a monomer in embryos of Pseudotsuga menziesii 
(Yang e_t_ £l_. 1 977 ). GOT was dimeric in P_. sylvestris, £.
r igida, _P. taeda and Abie s balsamea. In the present study,
Hi
G0T1 was dimeric but GOT2 and GOT3 showed monomeric 
patterns. Faint intermediate bands at GOT3 appeared 
occasionally, especially when the staining period was 
prolonged. These intermediate bands, however, may be 
artifacts .
Shikimate Dehydrogenase (SDH) E.C. 1.1.1.25
One zone of activity for SDH was observed (Fig. 3). 
Three alleles showed clear bands of a monomeric pattern. 
All six possible band patterns were observed in the current 
study.
SDH catalyzes the following reaction:
Shikimate + NADP <— —> 3-dehydroshikimate + NADPH.
This reaction is a part of the shikimate pathway, which is 
responsible for the synthesis of a wide range of aromatic 
metabolites: phenylalanine, tyrosine, tryptophan; many
alkaloids, flavonoids; lignin; many phenols, coumarins and 
many quinones (Chapman 1980). Isozymes of SDH have not been 
reported in forest tree species prior to this. However, 
Hamrick (1980, personal comm.) observed three alleles at a 
SDH locus from various plant species.
Malic Enzyme (ME) E.C.1.1.1.40
Two zones of ME activity were observed (Fig. 3). The 
fast migrating zone (ME1) stained faintly with overnight 
incubation. This locus consisted of two alleles and showed 
the monomeric pattern. The slow migrating zone (ME2)
stained intensely with about two hours' incubation and 
showed doubly-stained bands. In this locus, however, the 
slow band of allele one or two had a second band at the same 
Rf as the fast band of allele two or three, respectively. 
Consequently, the heterozygote between allele one and two or 
between allele two and three showed only three bands, with a 
darker middle band. The expected four bands in the 
heterozygote between allele one and three were not observed. 
Overnight-staining for ME1 resulted in diffused bands at 
ME2. Eight band patterns from nine possible patterns were 
found (Fig. 3).
ME catalyzes the oxidative decarboxylation of malate to 
pyruvate and carbon dioxide in the presence of NADP, and 
manganous or magnesium ions. The enzyme also possesses weak 
oxaloacetate decarboxylase and pyruvate activities (Li 
1 972) .
Two loci, with two alleles at ME1 and three alleles at 
ME2, were reported in megagametophyte tissue of Pseudotsuga 
menziesi i (Yeh and O'Malley 1 980). Isozymes of ME in 
diploid tissue of forest trees has not been reported prior 
to this.
Peroxidase (PER) E.C.1.11.1.7
Three zones of activity for PER were found (Fig. 4). 
The first two zones consisted of three alleles each. The 
third zone showed one to three bands, but this zone was 
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igure k. Band pattern and genotype designation for PER, 
PGM, F-EST, 6-POD, MDH and IDH.
interpretation. Two rare bands, one in the cathodal and one 
in the anodal direction, at about Rf £. 2 , were also 
disregarded for the same reasons. Both PER1 and PER2 showed 
monomeric patterns. Eleven out of 12 possible band patterns 
were detected (Fig. 4).
Peroxidases are heme enzymes which catalyze the 
following oxidative reaction:
Peroxidase + H2.O <-- > Enzyme complex
Enzyme complex + AH <-- > Peroxidase + H^O + A.
The substance AH^ can be a phenolic, cytochrome C, indole
acetic acid, or nitrate (Scandalios 1974). A great number
of peroxidase isozymes occur in many plant tissues.
PER has been reported frequently in various tissues, 
but not in megagametophytes of conifer species, which 
indicates that PER is highly tissue-specific. Conkle (1971 
b) found that PER activity was absent in stratified seed, 
but its activity increased steadily in number of bands and 
stainability from radicle emergence through epicotyl 
elongation. Although many bands for this enzyme have been 
observed, up to 42 bands in needles of Thujopsis dolabrata
(Sakai e_t a_l. 1971), the interpretation of its inheritance
seems to be difficult (Sakai e_t a_l. 1971, Sakai and
Miyazaki 1972, Snyder and Hamaker 1978), except a few loci. 
Park (1977) elucidated inheritance of PER at four loci in 
needles of Pi nu s dens i flora. One locus with two alleles has 
been reported in bark and in buds o-f Pseudotsuga menziesii 
(Copes 1979). One locus with two alleles in foliage of P.
ponderosa was reported (Mitton ejt a_l_. 1 977 ). PER in
Pseudotsuga menziesi i was monomeric, but PER in P_. 
densi flora showed dominant-recessive relations (Park 1977 ).
Phosphoglucomutase (PGM) E.C.2.7.5.1
Two clear zones of PGM activity were observed. The
same band patterns of PGM could be observed on gels run with 
either buffer system 2 or 3. The fast moving zone showed 
one broad dark band. The slow moving zone exhibited three
variants snowing a monomeric pattern. All seven possible
bands were observed (Fig. 4).
PGM catalyzes the conversion of glucose-1-phosphate to 
glucose-6-phosphate for entry into the glycolytic pathway. 
Isozymes of PGM have been found in humans, animals and 
plants .
Similar patterns to those observed here have been 
reported for megagametophytes of the same species (Eckert e_t 
al. 1981) and other conifers (Adams and Joly 1980 a, Guries
and Ledig 1978, Simonsen and Wellendorf 1975). Two loci 
with three alleles each have been reported in foliage of P_. 
ponderosa (Mitton £t_ a_l_. 1 979 ). Three alleles at PGM1 were
observed by comparing gels run with two different buffer 
systems (Mitton £t_ a_l. 1 980). However, Conkle (1981) 
reported only one locus for PGM from megagametophytes of six 
conifers including P_. taeda. PGM is reported to be a 
monomer in all studies in forest trees to date. The one 
broad band at PGM1 in this study may reveal additional
variation, if more than one buffer system was used as Mitton 
et al. (1980) did in^P. ponderosa.
Fluorescent Esterase (F-ESD E.C.3.1.1.2
One locus consisting of two alleles for F-EST was
observed. All three possible bands were observed (Fig. 4).
The three-banded heterozygote, indicating that F-EST is a 
dimer, fluoresced with less intensity than the homozygote of 
both alleles. One to five more bands appeared in the more
anodal direction, but those bands were neglected because of
the difficulty in recording.
F-EST is known to catalyze the following reaction:
a phenyl acetate + HgO <-- > a phenol + acetate.
Mitton et_ al_. ( 1 979) observed four dimeric alleles at one 
locus in £. ponderosa foliage. Three alleles were reported 
in the same species (Linhart ert a_l_. 1 979, 1 981 , Mitton et_
a 1 . 1 980). Three alleles and two alleles at a locus from
megagametophytes of _P. jef freyi and _P. contorta,
respectively, were recorded (Conkle 1981).
6-Phosphogluconate Dehydrogenase (6-PGD) E.C.1.1.1.43
Only one dark and broad band for 6-PGD activity was
observed, as was observed in megagametophytes of the same
species (Eckert jet a_l. 1981). 6-PGD catalyzes the 
following reaction:
6-phospho-D-gluconate + NADP <-- >
D-ribolose 5-phosphate + CO^ + NADPH.
6-PGD in other conifers seems to be quite variable. One 
locus or two loci with various number of alleles, up to 
eight at 6-PGD1 in megagametophytes of £. taeda (Conkle 
1981), were reported.
Malate Dehydrogenase (MDH) E.C.1.1.1.37
Two zones of activity for MDH were observed (Fig. 4). 
The fast zone showed three alleles with- the monomeric 
pattern and one fixed allele was observed in the slow zone. 
Homozygotes at MDH1 stained more intensely than the 
heterozygotes, similar to F-EST. All seven possible band 
patterns were observed.
MDH is a Kreb's cycle enzyme which catalyzes the 
following reaction:
L-malate + NAD <-- > oxaloacetate + NADH + H.
Vascular plants may have three distinct classes of 
isozymes of MDH; cytosol-MDH, mitochondrial-MDH, and 
microbody-MDH. The cytosol-MDH has a role in 
non-autotrophic carbon dioxide fixation to form malate. The 
mitochondrial form functions in the citric acid cycle (Ting 
et al. 1 975).
Two zones of MDH activity were reported in 
megagametophytes of £. r igida (Guries and Ledig 1 978), £. 
taeda (Adams and Joly 1 980 a) and P_. banksiana (Tobolski
1979). At least three loci were suggested in
megagametophytes of Picea sitchensis (Simonsen and 
Wellendorf 1975). Conkle (1981) reported three loci in five
Pinaceae species, including £. taeda, and Pseudotsuga 
menziesii. Yeh and O'Malley (1980) observed four loci from 
the latter species.
MDH was reported to be dimeric in _P. rigida. MDH1 was 
indicated to be cytoplasmic in origin, while MDH2 was 
mitochondrial in £. r ig ida (Guries and Ledig 1 978). MDH2 
in JP. taeda was inactive in embryos (Adams and Joly 1980 
a) .
Isocitrate Dehydrogenase (IDH) E.C.1.1.1.42
Only one band for IDH activity was observed, similar to 
that in megagametophyte tissue of this species (Eckert e_t 
al. 1981). One fixed locus was also reported in JP.
lambertiana (Conkle 1981), which belongs to the haploxylon 
group with _P. strobus .
IDH catalyzes oxidation of isocitrate to 
alpha-oxoglutarate in the presence of manganous ions. Two 
or three alleles with low heterozygosity were reported for 
other pine species, while Pseudotsuga menziesi i showed five 
alleles with high heterozygosity (Conkle 1981).
Evidence for Genetic Control of Polymorphic Loci
Genotype frequencies of polymorphic loci from each 
provenance are presented in Appendix 1. Genotype 
frequencies taken from observed band patterns of diploid
tissue, as in this study, require progeny analysis for 
verification that genetic interpretations are correct. For 
this purpose, artificial crosses were made in 1980 and 1981. 
Seedlings for isozyme analysis from those crosses will be 
available in two to three years. Meanwhile, indirect 
evidence for genetic control is available.
Agreement of foliar isozyme patterns with patterns 
observed in megagametophytes of the same species, or results 
from other species provides some evidence for genetic 
control of isozyme patterns. Eight of the 12 isozymes in 
this study were investigated in megagametophytes of 35 
clones of _P. strobus (Eckert ejb a_l_. 1981). The number of
loci for each isozyme of the eight common isozymes were the 
same in both foliage and megagametophyte tissue. Eight of 
13 loci from the common isozymes showed identical numbers of 
alleles at compatible Rf values. These loci were LAP1, 
LAP3, GOT 1, PGM2, GDH, PGM 1, 6-PGD and IDH. Minor 
differences were observed at the other five loci; instead 
of a null allele at LAP2 in megagametophyte tissue, one more 
allele showed activity in foliage, and one more allele was 
observed at PGI1 and G0T2 in foliage. A lightly stained 
variant at PGI2 in megagametophyte tissue showed activity in 
foliage and a null allele at G0T3 in megagametophyte tissue 
was not observed. The observation of one more allele at 
PGI1 and G0T2 may be explained by the much larger sample 
size and area represented in the current study. The other 
two differences are related to null alleles and the last one
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is probably related to degree of activity. These 
differences seem to be associated with differences in sample 
size, tissue and techniques. Therefore, the isozymes in 
above eight loci in foliage appear to be the same isozymes 
observed in megagametophyte tissue of the same species, 
where the allelism was demonstrated (Eckert e_t al_. 1981).
A preliminary study was carried out in order to compare 
band patterns between foliage and megagametophyte tissue for 
the remaining five foliar enzymes. The same number of bands 
for ME and MDH occurred in foliage and megagametophytes. ME 
and MDH in foliage and megagametophytes seem to have the 
same number of loci and alleles but allelism was not 
established. For MDH in megagametophytes, electrophoresis 
was run for two hours, instead of four hours as was usual 
for MDH from foliage. Some chemicals in the grinding 
solution or in the foliage itself may retard the mobility of 
this enzyme. The MDH bands from megagametophytes migrated 
to different locations from those observed in foliage, and 
separated widely from each other. Only one band, the most 
common band in foliage, was observed for SDH and F-EST from 
megagametophytes. No enzyme activity for PER was observed 
in megagametophytes.
Results similar to those observed in this study were 
observed in needles of P_. ponderosa at the PER1 locus 
(Linhart e_t a_l_. 1 979 ). For F-EST, two alleles at a locus
were reported in £. contorta, similar to results obtained 
in this study, but three alleles were observed in P.
ponderosa and £. jeffreyi (Conkle 1981, Linhart £t al. 
1 979, 1 981 , Mitton e_t al_. 1 980). The same number of ME 
loci and alleles were observed in this study as in 
megagametophytes of Pseudotsuga men zie si i (Yeh and O ’Malley
1980). Two loci for MDH were observed in megagametophytes 
of taeda but MDH1 was fixed and MDH2 had two alleles
(Adams and Joly 1980 a). In other species, MDH seems to
have more loci and more alleles (Conkle 1981, Yeh and 
O ’Malley 1980). No work on the SDH system has been 
published to date. Interpretation of band patterns observed 
here seem to be correct in most, if not all, loci based on 
the above comparisons with other studies.
Further evidence is provided by agreement between
observed genotypic frequencies (Appendix 1) and those 
predicted by Hardy-Weinberg equilibrium for polymorphic 
loci. Chi-square testing was carried out as follows: 
allelic variation at loci having more than two alleles was 
combined such that each locus could be analyzed as having 
two alleles, e.g., the most frequent allele and all the
other alleles. The two loci with a null allele, LAP 1 and
G0T1, were not appropriate for this test and were excluded.
The results are presented in Table 4. A blank 
indicates that no test was carried out because the locus was 
fixed in that provenance or because fewer than three trees 
had the rare variant. Despite the small sample size of 25 
trees per provenance, 78 percent of the tested provenances 
for each locus were in Hardy-Weinberg equilibrium. Most
Table k. Chi-square test for Hardy-Weinberg equilibrium 
on Ik polymorphic loci-^.
Prove.
Locus






6 + + +
8 **b + +
9 +
10 + +
11 * b + +
12 + +
13 + + +
14 + **c +
15 **b * b + *a,b
16 + + +
18 + + +
19 +
20 * b + +
21 + + +
22 * b **b +
23 + + +
2k + +
25 + +
27 + + +







ME1 ME 2 PERI PER 2 F-E3T PGM 2 MDH1
1 **c +
2 + + + + +
3 * b + + +
4 * a + + + +
5 **c + + +
6 + + + + + + +
8 + + + +
9 + + + * a +
10 + + + + + +
11 + **b + + +
12 + + + +
13 + * c + + +
14 + **c * c +
15 + **C + + **b
16 + **b **c + + +
18 * c + + +
19 + **c + +
20 + + + +
21 * c + + + ‘
22 **c +
23 **c + +
24 **a **c + +
25 **c + + +
27 **C + + +
28 + + + + +
29 + + + + +
30 + + + + +
a/ t LAP1 and G0T1 are excluded because of a null 
allele at both loci.
A blank indicates no test because of fixed allele or 
fewer than three trees had the rare variant.
+ , *, ** s no significance, significance at the . 0 5  
and .01, respectively.
a, b, c : excess of fast moving allele, slow moving 
allele, and heterozygote, respectively.
tested provenances at G0T3, PGM2, SDH, ME1, PER2, F-EST and 
MDH1 showed non-significance. Note that the chi-square test 
has a limitation for detecting deviation from Hardy-Weinberg 
equilibrium, especially when the sample size is small. 
However it may be concluded that the designated genotype 
frequencies do not differ from those expected under 
Hardy-Weinberg Law and that there is no evidence from this 
type of analysis that the genotype designation is incorrect, 
at least at the above loci.
However, significantly different band pattern 
(genotype) frequencies from Hardy-Weinberg equilibrium do 
not necessarily mean the genotype designation at a locus is 
incorrect, because many other assumptions for the
equilibrium can be violated, particularly with a small 
number of samples. Where excesses were detected, some
generalizations can be made. An excess of homozygotes was
common at most loci except at both PER loci, 2 provenances 
at G0T3 and one provenance at MDH1. These excesses of 
homozygogotes may indicate some degree of inbreeding and/or 
selection for that genotype or for that allele, or may be 
caused by the small sample size per provenance. the sample 
trees in this study have a greater probability of being 
closer relatives than trees in the original populations 
because the sample trees are progeny of ten seed parents per 
provenance. The fact that the same homozygote at a locus 
was consistently excessive in many provenances may indicate 
some degree of selection for that genotype or for that
allele.
Excesses of heterozygotes, particularly at PER1 and 
PER2, may indicate selection for heterozygotes in our 20 
year old trees. Excesses of heterozygogotes at PER was 
reported in needles of _P. ponder os a (Mitton et_ £l. 1 977,
1979, 1980), especially when mature trees were sampled. At
least for JP. ponderosa, selection for heterozygotes at PER 
during maturation seems to occur.
More indirect evidence for genetic control of isozyme 
patterns was provided by the agreement between observed and 
expected band patterns. Using twelve isozymes from 21 loci, 
including five fixed loci, 76 band patterns (genotypes) of 
85 possible genotypes were observed (Fig. 2 to Fig. 4).
Among the nine missing patterns, five types were
heterozygotes with rare alleles and the other four were
horaozygotes expected to be rare. Many missing bands for any 
locus, however, do not necessarily indicate false 
designation of genotypes, because the homozygote of rare
alleles and the heterozygote between two rare alleles are
expected to be extremely rare.
The last indirect evidence for genetic control was 
provided by differential staining intensity, which probably 
indicates different concentration of isozymes, from 
homozygotes and heterozygotes in some loci. Homozygotes in 
F-EST and MDH1 showed approximately twice the intensity of 
staining compared with heterozygotes. This observation may 
suggest that homozygotes produce twice the amount of enzyme
than heterozygotes at these loci.
A summary of indirect evidence for allelism (Table 5) 
shows good evidence for most loci but weaker evidence for 
other loci. All four kinds of evidence discussed above have 
the same shortcoming; they can provide some evidence for 
allelism but they can not provide evidence for lack of 
allelism. Until direct evidence for allelism is available, 
information based on indirect evidence can provide a basis 
for genetic analysis of £. strobus populations.









LAP 2 7 68 (19)
LAP 3 + 33 ( 3)
PGI1 7 100 ( 1)




G0T3 7 89 (27)
SDH 7 92 (13)
ME1 7 83 (18)
P/IE 2 7 50 ( 6)
PERI - 27 (22)
PER2 - 80 (25)
F-EST 7 100 ( 4)
PGM1 +
PGM2 + 96 (26)
6-PGD +
1VIDH1 7 92 (26)
MDH2 7
IDH +
+ and ? s identical, and similar but non-identical 
number of bands, respectively.
- s no band in megagametophytes.
Numbers in parentheses show number of provenances 
used for testing.
CHAPTER II
GENETIC STRUCTURE OF 27 PROVENANCES 
INTRODUCTION
The genetic structure of natural populations is the 
result of a dynamic process involving the opposing forces of 
gene flow and selection: the former homogenizes but the
latter differentiates. For forest trees, particularly the 
wind-pollinated conifers, gene flow has been viewed as an 
overpowering force and differentiation is not expected 
within stands, unless gene flow is restricted. On the other 
hand, natural selection is viewed as a strong force 
operating in heterogeneous environments. Tree species 
having a wide natural range or living in heterogeneous 
environments may be subjected to relatively stronger 
selection pressures (Mitton £t al_. 1 977 ).
Studies of genetic variation among individual trees by 
electrophoretic techniques can include populations and 
species. Feret and Stairs (1971) reported that three bands 
out of eight PER bands in Ulmus pumila were seed-source 
specific and five exhibited varying frequencies in most seed 
sources.
^0
Tigerstedt (1973) studied variation of LAP, AP and EST 
in marginal and central population of Picea ab ies in 
Finland. The two populations showed no differences in 
allele frequencies and genotype frequencies. Heavy gene 
flow was suggested to explain the results. However, eleven 
populations of the same species in Sweden, studied with four 
loci (LAP1, LAP2, EST and AP), showed genetic 
differentiation among populations, primarily in EST and AP 
(Lundkvist and Rudin 1977). Heterozygosity and genetic 
distance of foreign origins were greater than indigenous 
populations. Bergmann (1978) found that allele groups of AP 
in the same species showed clinal variation patterns along 
similar climatic gradients. The frequency of allele group 
AP21/22 markedly increased with latitude in Finland and with 
higher elevation in Austria and Switzerland. It was 
concluded that natural selection caused the geographic 
variation patterns at the AP2 locus and temperature 
functioned as a predominant selective force. In another 
study of the same species in Sweden (Lundkvist 1979), 
significant divergence in gene frequencies among four 
populations was demonstrated, and four loci (LAP1, GDH2, 
GO n and AP1) of 11 loci showed clinal variation with 
elevation, but not with latitude.
Three enzyme systems (LAP, EST and GOT) of Pseudotsuga 
menziesii showed considerable differences in allele 
frequencies among nine natural populations (Yang ejt al . 
1977). Heterozygosity, in general, decreased with
increasing altitude and latitude. These authors suggested 
that increasing heterozygosity in the gene pool might 
strenghen the capacity of trees to stimulate active 
development and growth, whereas increasing homozygosity 
could result in more specific genetic adaptability for 
survival under severe climatic selection pressures. From 
eleven populations of the same species, studied at 21 loci 
coding for 15 enzymes, spatial patterns of allele 
frequencies and heterozygosity were clinal with respect to 
latitude, longitude and elevation (Yeh and O ’Malley 1980). 
Gene diversity for the 21 loci showed inter population 
differentiation at the level of three percent. Genetic 
distance and geographic distance among populations were 
significantly correlated.
Genetic structure of £. ponderosa has been studied 
within small areas. Significant variation of allele 
frequencies of PER was found to be associated with slopes of 
different aspects (Mitton e_t a_l_. 1 977 ). It was suggested
that selection in different environments was strong enough 
to overcome the homogenizing force of migration and cause 
differentiation. Genetic differentiation along a steep 
elevational transect of the same species was again studied 
with seven polymorphic loci (Mitton £t £l_. 1980). Clinal
variation of PGM1 was detected along the altitudinal 
gradient. Genetic variation in time was reported as much 
less marked than variation in space for this species 
(Linhart et al. 1981)
Florence and Rink (1980) studied relationships among 
allozyme frequencies of JP. taeda and provenance variables. 
MDH and 6-PGD allele frequencies showed significant 
correlations with temperature, longitude and annual 
precipitation .
This chapter presents an analysis of genetic structure 
of 27 provenances of £. strobus based on foliar isozymes. 
Geographic variation in growth and other traits of this 
species has been studied extensively. However, no work has 
been reported on enzymatic genetic structure of this 
species, except a study of limited scope based on trees in a 
clone bank (Eckert e_t a_l. 1981). Since samples were 
collected from a provenance test plantation (chapter I), 
they may not exactly represent original natural populations. 
The studied trees are progeny of a limited number of trees, 
and selection, if any, for one generation has operated on 
these progeny. Therefore, the term provenance is used 
instead of population. Cones for the provenance test were 
collected from approximately ten average trees on five acres 
per provenance. Therefore, it is assumed that the genetic 
structure of provenances does not depart far from that of 
the original populations,
MATERIALS AND METHODS
Allele frequencies of each provenance were calculated 
from the genotype frequencies in Appendix 1. For the two 
loci, LAPi and G0T1, where a null allele was observed, the 
allele frequency was calculated assuming Hardy-Weinberg 
equilibrium at the two loci. LAP2 and LAP3 loci showed 68 
and 33 percent in Hardy-Weinberg equilibrium, while G0T3 
showed 89 percent. No chi-square test of G0T2 for 
Hardy-Weinberg equilibrium was carried out because of rare 
variants. A device described by Li (1978) was used for 
allele frequency calculation for the above two loci: 
p'=p(1+.5d), q ’=q(1+.5d), r ' = ( r +. 5 d ) (1 +. 5 d ) , 
where p, q, and r are original frequencies of two codominant 
and one null allele. These frequencies are calculated from 
the genotypic frequencies, where d=1-(p+q+r), and p', q 1, 
and r* are adjusted frequencies. Adjustment was usually 
made once, but sometimes a repeat was needed, using the new 
deviation d 1 = 1 - ( p ' +q ’ +r ' ) . (A shortcoming of, this method is 
discussed later). Allele variation within provenance was 
quantified by measuring the proportion of polymorphic loci 
(where the frequency of the most common allele at a locus is 
less than .99), average number of alleles per locus, and 
average heterozygosity (Lewontin 1967).
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Genetic differentiation among provenances was 
investigated by three methods of analysis. The first method 
is chi-square contingency-table analysis (Workman and 
Niswander 1970), which tests the hypothesis that allele 
frequencies among the 27 provenances are random samples 
drawn from all provenances. The second procedure is 
partitioning of genetic variation within and among
provenance's (Nei 1 973 ). Using this method, total genetic
variation (HT) was partitioned into its components, allele 
diversity within provenance (HS) and among provenance 
diversity (DST). The relative measure of genetic 
differentiation among provenances (GST) is defined by 
GST=DST/HT. The third procedure is genetic distance among 
provenances (Nei 1972). The genetic distance measures
accumulated number of gene substitutions per locus. The
genetic distance was compared with geographic distance among 
provenances measured from a map (footnote 1).
Relationships among arcsin transformed allele 
frequencies and provenance geographic data were 
investigated. Only the most common allele at each locus was 
used, because other allele(s) at each locus were strongly 
correlated with the most common allele.
Cluster analyses of provenances based on isozyme
alleles were carried out. Genetic distances among clusters
were investigated using genetic distances among each
1. Classic map of the United States (1:5,000,000) 
Hammond Incorporated, Maplewood, NJ.
provenance.
As some loci had weak evidence for allelism (Table 5), 
genetic structure was measured based on loci having good 
evidence for allelism. These loci were LAP1, LAP2, LAP3, 
G 0 r 3 ,  SDH, ME 1, PER 2, F-EST, PGM 1 , PGM2, MDH1 and MDH 2. 
PGM 1 and MDH2 were fixed loci, but they were included as 
PGM2 and MDH1 were included. G0T1 had good evidence for 
allelism but it was excluded, because allele frequency could 
not be calculated accurately (see page 55). However, where 
measures of genetic structure are expressed by locus, all 
loci were included and loci having good evidence for 
allelism were indicated.
Calculations for these measures and statistics were 
carried out using the Statistical Package for the Social
Sciences (SPSS) or Fortran programs written for specific
problems. The cluster analysis was carried out by a 
packaged program of Biomedical Computer Programs P-series 
(BMDP). Calculation formulae for chi-square contingency
table analysis, allele diversity and genetic distance are
listed in Appendix 2.
RESULTS AND DISCUSSION
Allele Frequency
One common allele was found at most loci. Other 
alleles for a given locus were usually rare, e.g., LAP2, 
LAP3, PG11, PGI2, GOT 1, G0T2, SDH, ME 1, ME2, PER2 and F-EST 
loci (Table 6). All of these but GOT2, ME1 and F-EST loci 
had three alleles. The common allele at all of these loci 
was an intermediate migrating (middle) allele. G0T2, ME 1 
and F-EST loci had two alleles at each locus, and the slow
migrating allele was common. The common allele at a locus
was also the most frequent allele for each provenance with 
rare exceptions. For example, the PER22 allele was present 
at a higher frequency than the PER21 allele in all
provenances except provenance 2 (NC). More than one allele 
was common at other loci. The first two alleles at PER1
showed approximately the same frequencies and the third 
allele was rare. All three alleles at LAP1 and two alleles 
at G0T3 showed about the same frequencies.
Observation of a common allele at a given locus seems 
to be a general phenomenon in outcrossing forest tree 
species (Guries and Ledig 1977, Florence and Rink 1980, 
Lundkvist and Rudin 1977, Yeh and O'Malley 1980). Among 
selfing herbaceous species this phenomenon seems to be 
uncommon (Nevo e_t a_l. 1 979, Kahler £t a_l. 1 980).
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Table 6. Allele frequencies at l6 polymorphic loci over 27 provenances.
—
Locus Allele Mean S.E. Range Locus Allele Mean S.E. Range
LAP1 Null .390 . 031 .0 6- .64 SDH 1 .046 .013 .0 0- . 34
1 .265 .028 .04- . 5 5 2 .945 .013 .66-1.00
2 .3^5 .02k .14- .57 3 .009 . 0 0 5 .00- .12
LAP 2 1 . 005 .002 .00- .04 ME1 1 . 1 05 .020 .00- .20
2 .900 .018 .64-1.00 2 .895 .020 .62-1.00
3 .095 .071 .0 0- . 36 ME2 1 .023 .009 .00- .20
LAP 3 1 .004 .003 .0 0- . 06 2 .947 .014 .74-1.00
2 .975 .008 .86-1.00 3 . 03 0 .012 .00- .24
3 .021 .007 .0 0- .14 PERI 1 . 500 .010 .40- .62
P0I1 1 .009 . 007 .00- .18 2 .489 .010 .38- .36
2 .989 .007 .82-1.00 3 .011 .004 .0 0- . 06
3 .002 .001 .00- .02 PER 2 1 . 1 7 6 .031 .0 0- . 76
PGI2 1 .044 .012 .00- . 2 6 2 .705 .033 .24- .98
2 • 949 .014 .74-1.00 3 .119 . 0 1 6 .0 0- . 38
3 . 0 0 7 .004 .00- .80 F-EST 1 . 027 .007 .0 0- . 16
G0T1 Null .073 .028 .0 0- .51 2 .973 . 007 .84-1.00
1 . 920 .029 .4 5-1 . 0 0 PGM 2 1 .193 .018 .0 0- . 38
2 .007 .004 .00- .08 2 • 756 .023 .54-1 . 0 0
GOT 2 1 .010 .004 .00- . 08 3 .051 .011 .00- .24
2 .990 .004 .92-1 . 0 0 MDH 1 1 • 554 .042 .12- .86
GOT 3 1 .499 . 023 .3 2- . 80 2 .325 .042 .0 2- . 76
2 .501 . 023 .20- .68 3 .121 .019 .0 0- .34
Fixed loci: GDH, PGM1, 6-POD, MPH2 and IDH
Allele frequencies by locus and provenance are listed in Appendix 3-1 to 3-3-
Measures of Variation within Provenance
The mean values of proportion of polymorphic loci (P), 
number of alleles per locus (A) and average heterozygosity 
(H) based on the 12 loci were .69, 2.01 and .236,
respectively (Table 7). Eckert £t_ a_l. (1981) reported P, 
A, and H values of .53, 2.06 and .175 based on
megagametophyte tissue from this species. P and H values 
from foliage are greater than those in megagametophyte
tissue, while the A values from the two tissues are quite
similar. The average heterozygosity (H) in _P. strobus is
greater than that found in Pseudotsuga men ziesi i (.155) (Yeh 
and O'Malley 1980), while P (.69) and A (2.19) in
Pseudotsuga menziesii are similar to those in £. strobus.
Hamrick e_t ajL_. ( 1 979 ) compared levels of genetic 
variation and life history characteristics of over one 
hundred plant species. They concluded that trees are
genetically more variable than herbaceous plants, because
trees are widespread, long-lived, large, have high 
fecundity, and are outcrossing species. £. strobus follows 
the same trend in that it has more variation than herbaceous 
pi ants.
Hamrick £t al_. (1981) did a similar analysis of 20 
conifer species and concluded that species of later 
successional stages, mesic habitat types, with open cones 
and southern or western species have more genetic variation 
than species with alternate combinations of characteristics.
The mean values of P, A and H from the 20 conifer species
Table 7 * Proportion of polymorphic loci, alleles per 
locus and average heterozygosity in 27 
a/provenances— .
Proportion of Allele per Average 
Prove. Polymorphic Locus Locus Heterozygosity
tP) (A) (H)
1 .50 1 . 6 7 .194
2 •75 1.83 . . 244
3 •58 1 . 6 7 .154
4 .53 1.83 .231
5 •53 1.92 .233
6 .83 2 . 2 5 .246
8 .67 2.08 .237
9 .58 . 1.83 .223
10 • 75 2 .00 .248
11 .75 2.08 .241
12 . 67 1.92 .213
13 • 75 2.08 .259
14 .83 2.33 . 256
15 . 67 2.00 . 2 2 5
16 .67 2.00 .227
18 . ^ 8 2 .00 .245
19 .67 2.00 .246
20 .83 2.17 .257
21 •75 2.00 .243
22 .75 2.08 . 232
23 • 75 2.17 • 313
24 . 67 2.00 . 2 76
25 .75 2.17 .231
27 .75 2.08 .200
28 • 75 2.17 .259
29 • 58 1.83 .204
30 • 75 2.08 .227
Mean .691.02 2 .0 1+.03 .2 3 6 + . 0 0 6
a/ : based on 12 loci.
were .68, 2.29 and .207. JP. strobus showed similar values 
in the three indices to average values of conifers. 
strobus has all but the natural range character of the above 
conclusion for high variation. So considerable genetic 
variation in _P. strobus is not unexpected.
Highly significant correlations were found among the 
above three measures: e.g., at the .1 percent level between
P and H, A and H, and at the 1.0 percent level between P and 
H. The three measures, however, were correlated with 
different loci at various levels of significance. For 
example, average heterozygosity (H) was significantly 
correlated with heterozygosity at LAP2, ME1 and PER2 loci, 
while the proportion of polymorphic loci (P) depended 
heavily on presence or absence of the third allele at LAP2, 
LAP3 and PER1, and the first allele at SDH and ME1. The 
variation of heterozygosity in LAP2 and ME1 loci accounted 
for 71 percent of the variation in the average 
heterozygosity over all provenances.
These three measures depended heavily on the choice of 
loci and the occurrence of rare alleles. The importance of 
examining a large number of loci in order to approach random 
samples of loci should be noted. Lewontin (1974, page 119) 
suggested H for interspecific comparisons would become 
meaningful only if approximately 100 randomly chosen loci 
were tested. This number has not yet been reached for most 
species, particularly for forest tree species. Therefore, 
despite a common use of these measures for comparison among
species or higher groupings (Powell 1975, Hamrick e^ t a 1 • 
1979, Nevo 1978, for examples), conclusions from those
measures should be taken with caution, especially when few 
loci were studied and electrophoretic analyses were carried 
out in different laboratories.
Allele Frequency Heterogeneity
Results of heterogeneity chi-square contingency tests 
of the null hypothesis that there was no difference in 
allelic frequency among provenances (Table 8) showed that
all loci differentiated significantly among provenances. 
Less differentiation at G0T2, G0T3, PER1 and F-EST loci, and 
more differentiation at G0T1 and MDH1 loci were indicated 
from the chi-square values.
Significant differentiation was observed at most loci
among 11 populations of £. r igida (Guries and Ledig 1981). 
However, less differentiation was reported for the same
species among four populations located near each other
(Guries and Ledig 1977). This reflects the importance of 
the interpopulation distance, size and number of populations 
for differentiation studies.
Allelic Diversity
Results of partitioning genetic variation into within 
and among provenances, and allelic differentiation are given
in Table 9. LAP 1, G0T3, PER 1, PER2, PGM2, and MDH1 were
highly diverse loci, indicated by great total diversity
Table 8. Allele frequency heterogeneity of each locus 
_________ among 27 provenances.______________  __
Locus Allele Mean Variance
Variance
Mean X 2 3/
LAP1 b N . 3 9 0 0 0 .02503 86.642
1 .26444 .02048 104.553
2 .3442^4 .01490 58.399 249.594
LAP2 b 1 .00519 .00014 36.419
2 .9 0 0 0 0 .00770 11.550
3 .09481 .00784 111.634 159.600
LAP 3 b 1 .00370 .00018 6 5 . 6 7 6
2 .97556 . 0 0 1 5 2 2.103
3 .02074 . 0 0 1 3 2 85.921 153.700
PGI1 1 .00889 . 0 0 1 2 0 1 8 2 . 2 2 7
2 .98889 . 0 0 1 2 0 1 . 6 3 8
3 . 0 02 2 2 .00004 24.324 208.189
PC-12 1 .04444 . 0 0 3 8 6 117.259
2 .94889 .00490 6.971
3 . 0 0 6 6 7 .00033 66.792 1 9 1 . 0 2 2
G0T1 N .07333 .02027 373.169
1 . 9 2 0 0 0 . 0 2 2 2 0 32.576
2 . 0 0 6 6 7 .00033 66.792 472.537
GOT 2 1 .01037 .00040 52.073
2 .98963 .00040 0.546 52.619
G0T3 b 1 .49926 . 0 1 3 2 6 35-855
2 .50074 . 0 1 3 2 6 35.749 71.604
SDH b 1 .04593 .00432 1 2 6 . 9 7 6
2 .94516 .00443 6.327
3 .00889 .00054 82.002 215.309
ME1 b 1 .10519 .01048 129.917
2 .89481 .01048 15.272 145.189
ME2 1 . 0 2 2 9 6 .00207 117-204
2 .94667 . 0 0 5 2 1 7.155
3 .03037 . 0 0 3 6 0 154.099 278.458
PERI 1 .5 0 0 0 0 . 0 0 2 5 8 6 . 9 6 6
2 .48889 .00241 6.655
3 . 01 11 1 .00048 5 8 .326 71.947
PER2 b 1 .17556 .02422 186.244
2 .70519 .02917 55.842
3 . 1 1 9 2 6 .00653 73.918 316.004
F-EST 1D 1 .02667 .00133 67.323
2 .97333 .00133 1.845 6 9 . 1 6 8
PGM2 b 1 .19333 . 0 0 8 1 5 56.910
2 .75556 .01352 24.157
3 .05111 .00300 79.241 160.308
MDH1 b 1 .55407 .04592 111.885
2 .32519 .04550 188.890
3 .12074 .00900 100.629 401.404
a/ : All values are significant at the 1.0 percent level.
b s loci having good evidence for allelism.














LAP1 b .6589 . 5 9 8 6 . 0 6 0 3 . 0 9 2
LAP 2 b .1876 . 1 7 1 5 . 01 61 . 086
LAP 3 b .0478 .0449 . 0 0 2 9 .061
PGI1 .0220 .0196 .0024 .109
PGI2 • 0976 .0885 .0091 .093
GDH .0000 .0000 .0000 .000
G0T1 .1482 . 1 0 5 4 .0428 .289
G0T2 .0233 . 0 1 9 7 .0036 .155
G0T3 b . 5 00 0 . 4 7 3 5 .0265 • 053
SDH b .1044 . 0 95 1 .0093 .089
ME1 b . 2 3 0 0 . 1 6 7 4 .0626 . 2 7 2
IVIE2 01016 . 0 8 5 6 . 0 1 6 0 .157
PERI .5109 . 5 0 5 4 .0055 .011
PER2 b .4548 . 3 9 8 7 .0598 .130
P-EST b .0519 .0493 .0026 . 0 5 0
PGM1 b .0000 .0000 .0000 .000
PGM2 b . 38 80 . 3 6 3 7 .0243 . 0 63
6-p g d .0000 .0000 .0000 .000
MDH1 b . 5 7 27 . 4 7 2 3 .1004 . 1 7 5
MDH 2 b .0000 .0000 .0000 .000
IDH .0000 .0000 .0000 .000
Mean b . 26 63 . 2 3 6 3 .0304 .080
Mean c .195^ . 1 7 4 7 .0212 . 0 9 0
a/ : genic diversity of Nei (1973)•
b : indicates locus which has good evidence for 
allelism.
c « based on all loci.
values. Values of allele differentiation (GST) varied, 
ranging from .289 at G0T1 to .000 at fixed loci. Two loci 
at GOT and two loci at ME showed remarkably high GST values. 
Both enzymes are associated with the photosynthetic pathway 
(Johnson 1979). This is interesting in relation to the 
highly variable growth performance of this species (chapter 
III). The highest value of GST at GOT1 might be 
overestimated. Note that G0T1 had one null allele at low 
frequency. An occurrence of a homozygote for this null 
allele at sample size 25 is expected 20 percent at the time 
(one out of 25 is .04, which is r-square, so r=.2). 
However, most provenances with no null allele homozygote 
were treated as if they had no null allele, because the 
other rare allele at this locus also had very low frequency. 
This might cause a large degree of differentiation between 
two groups, if one had a null allele homozygote and the 
other did not have a null allele homozygote. Therefore, as 
mentioned before (page 44), using the device for allele 
frequency calculation from mixed genotype frequencies causes 
a problem when sample size is small and the frequency of 
null alleles is low. This problem was not serious at LAP1, 
where the null allele homozygote was found in all but one
provenance and all three alleles had similar frequencies.
The mean value of GST from all loci was .090, so that
nine percent of the genetic variation over all provenances 
was due to interprovenancial allele differentiation. Mean 
GST value based on the chosen 12 loci was .080. These
values are a little higher than the average allele 
differentiation of 23 forest tree species summarized by
Brown and Moran (1981), who found that wind-pollinated 
conifers, on the average, had seven percent of total 
variation among populations and 93 percent within 
populations. This value is more than double the value found 
in Pseudotsuga menziesi i (Yeh and O'Malley 1 980). According 
to Brown and Moran (1981), the above species and Pi cea ab ie s 
seem to be less differentiated among populations than pine 
species. Pinus r ad iata , _P. sylvestr is, P. nigra and Picea 
engelmannii showed over 10 percent of allele variation among 
populations, while Pinus longaera and _P. virginiana showed 
three or four percent. But £. r ig id a had only one percent 
of total variation among populations and 99 percent within 
populations. These comparisons may also be affected by the 
loci studied and the populations sampled. Broad-leaved 
trees showed greater differentiation than conifers (Brown 
and Moran 1981). Inbreeding plant species showed even 
higher differentiation among populations, though total 
variation (HT) was less than outcrossing plant species
(Brown 1979) •
Genetic Distance
Genetic differentiation among provenances was further 
investigated using Nei's (1972) genetic distance measure 
with the 12 loci (Table 10). The genetic distance between 
two provenances varied: the highest value (.139) was found
Table 10. Genetic distances among 27 provenances.
rove • 18 19 20 21 22 23 24 25 27 28 29 30
16 .011 .064 .013 .0^0 .010 .091 .039 .036 .045 .012 . 052 .020
18 .054 .013 • 033 .010 . 0 77 .045 .028 . 043 .010 .o4o . 032
1 19 . 036 .046 .048 .0 55 . 026 .034 .042 .0 54 .024 . 047
2 20 .018 .019 . 042 .012 .011 .009 .024 .019 .008
2 .064 3 21 .038 .055 .036 .011 .019 .0^0 . 016 . 042
3 .053 .139 4 22 .091 .044 .026 . 043 .011 . 032 ,,029
4 • 035 .108 .041 5 23 . 032 .061 .0 58 .080 .076 .,060
5 .037 . 034 .061 .019 6 24 .030 .024 .0 52 .029 .,026
6 .026 . 098 .040 .017 . 013 8 25 . 018 • 039 .013 .028
8 .03*1 .084 .027 .022 . 030 .037 9 27 .0 59 .01 5 .022
9 .021 .081 .040 .020 . 0 19 .013 .021 10 28 .055 .026
10 .049 .093 .079 .028 . 0 25 .021 . 049 . 018 11 29 .036
11 .048 . 106 .022 .020 .022 .02 7 .013 .024 .042 12
12 . 032 .109 .051 .017 . 0 1 5 . 0 15 .026 .013 .013 .021 13
13 .029 .090 • 057 .041 . 0 25 . 0 16 .038 . 016 .025 .036 .019 14
14 . 016 .091 .041 .018 . 026 .007 .037 .015 . 027 .035 .022 .020 1 5
15 .024 .098 . 056 .039 . 026 .012 . 044 .013 .028 .043 .020 .007 . 016
16 .038 .110 .021 . 0 2 5 .053 .040 .017 .032 .061 .029 .042 .042 . 029 . 046
18 .046 • 133 . 0 29 .026 .040 .035 . 0 1 5 .029 . 062 .023 .036 .03 5 . 034 .041
19 ’. 030 .085 . 086 . 0 25 .019 .022 .0 53 . 026 .043 . 0 55 . 04l .043 .022 .036
20 . 016 .081 .031 . 027 .030 .015 .020 .010 . 036 .026 .024 .005 .010 .008
21 . 050 .130 .063 .037 . 023 .022 .037 .017 . 026 .033 .018 .010 . 032 .016
22 .040 .121 .022 .013 . 0 3 5 .030 .011 .021 .048 .018 .02 7 .044 .028 . 040
23 .061 .071 .126 . 072 .040 .054 .075 . 052 .049 . 0 6 5 .050 • 035 . 060 . 047
24 . 019 . 068 .077 .033 . 03 6 .026 .046 .018 . 0 2 5 .0 54 .030 .020 . 0 16 .022
25 . 032 .1 2 5 .043 .018 .022 .010 .031 .013 . 023 .027 .011 .013 .014 .012
27 .022 .086 . 052 .047 .033 .017 .041 .011 .031 .046 . 026 .007 .019 . 0 05
28 .051 .115 .020 .019 .036 .034 . 016 • 035 . 061 .012 . 040 .049 .034 .0 56
29 .033 .127 .059 .032 .030 .014 .047 .011 .031 .046 .026 .021 .01? .01 5
30 .021 .082 .026 .031 .035 . 016 .034 .023 .041 . 029 .030 .021 .012 .021
between provenance 2 (NC) and 3 (TN), and the lowest value 
(.005) between provenance 13 (Mass.) and 20 (Nova Scotia), 
and between provenance 15 (Iowa) and 27 (NH).
Correlation coefficients between genetic and geographic 
distances are presented in Table 11. The correlation 
coefficient from a specific provenance was calculated from 
genetic and geographic distances from that provenance to all 
the other 26 provenances. If genetic differentiation is 
largely due to isolation by distance, then the genetic 
distance and geographic distance are expected to be 
positively correlated. The correlation between the two 
distances over all 351 possible combinations ((27 x 27 
27)/2) was statistically significant, though the coefficient 
was only .11 (Table 11). Thus, in general, as geographic 
distance among provenances increases, genetic distance also 
increases. However, this generalization does not fit for 
all provenances. For example, provenances 2 (NC) and 3 (TN) 
locate near each other but showed the greatest genetic 
distance.
A significant correlation between genetic distance and 
geographic distance was also found in Pseudotsuga menziesii
from British Columbia (Yeh and O ’Malley 1980). Similar 
results were reported by Yang e^ t al_. ( 1 977 ) for the same 
species, and in Picea abies in Sweden (Lundkvist and Rudin 
1977). In the latter case, populations from foreign origins 
showed higher genetic distance and populations adjacent to 
the foreign origin populations showed intermediate genetic
Table 11. Correlations between genetic and geographic 










1 GA .036 1,249Km -.195
2 NC .099 1,163 .138
3 TN .052 1,100 -.104
4 MD .032 793 .035
5 WVA .032 896 -.273 A
6 Penn. .026 793 .138
8 Penn. .035 740 .123
9 Penn. .024 745 .079
10 NY . 040 811 .457 **
11 NY .035 810 .180
12 NY .030 786 . 5 1 6 **
13 Mass. . 0 2 9 90 5 .313 A
14 Maine .02? 1,120 .185
15 Iowa .030 1,261 -.299 A
16 Ohio .039 809 . 0 0 6
18 Wis. .038 1,174 .046
19 Minn. .043 1,572 - . 0 1 6
20 NS .022 1,442 .213
21 NB .036 1,329 .421 *
22 Que. .035 977 .029
23 Que. . 06 3 963 .117
24 Ont. . 0 3 4 750 -.076
25 Ont. .028 923 .127
27 NH .032 95^ .300 A
28 Minn. .040 1,390 .044
29 Mich. .035 933 -.091
30 VA .031 974 -.113
--  Values from all 351 combination --
.037 1,013 .110 *
A. * and ** t significant at the 10, 5 and 1
percent level, respectively.
distance, probably because of a certain amount
intercrossing with the foreign origin populations.
However, no significant correlation between the two 
distances was found in four populations of P. r ig id a
(Guries and Ledig 1977), although genetic differentiation 
between two populations separared by only five kilometers 
was detected. Linhart e_t_ a_l_. (1981) further reported no
correlation between the two distances in _P. ponderosa, 
where substantial genetic differentiation was detected among 
clusters within a small area. Two herbaceous selfing
species in Israel, Hordeum spontaneum and Avena barbata, 
also showed no correlation between genetic distance and 
geographic distance (Nevo e_t al. 1 979, Kahler ej; al .
1 980).
Correlation coefficients between genetic distance and 
geographic distance from each provenance were not uniform
(Table 11). At eight provenances, the coefficient was 
negative, and at two provenances it was statistically 
significant at the ten percent level. The coefficient was 
highly significant at provenances 10 (Ulster, NY) and 12 
(Franklin, NY), significant at provenance 21 (Nova Scotia), 
and significant at the ten percent level at provenances 13 
(Worcester, Mass.) and 27 (Carroll, NH). Note that the 
above provenances showing positive correlations 'are 
clustered (see Fig. 5, page 68). At present, no plausible 
explanation is available for this. However, the hypothesis 
that the origin of this species in its present distribution
was around those provenances is tempting. If a species 
expands its range from the origin, the genetic distance and 
geographic distance would show correlation by either 
adaptive selection to prevailing environments or genetic 
drift. A relevant example is available from serotinous cone 
frequencies of £. rigida in New Jersey (Ledig and Fryer 
1971). The highest frequency of serotinous cones was found 
in the pine plains, where frequent forest fire acted as a 
strong selection pressure for serotinous cones. 
Consequently, with distance from the fire pocket, the 
frequency of serotinous cones decreased steadily.
However, the general understanding of the origin of the 
present distribution of strobus is somewhat different.
When the Pleistocene glaciation reached to Pennsylvania, £. 
strobus is believed to have been restricted to the central 
and southern Appalachians. The last retreat of ice around 
provenances 10 (Ulster, NY) and 12 (Franklin, NY), where 
correlations between the two distances are significant at 
the one percent level, seems to have happened about ten 
thousand years ago (Muller 1965). Following the glacial 
period, the species migrated north to New England, Canada, 
and west through the Lake States (Braun 1964). Did the 
species migrate rapidly to the clustered area after 
deglaciation and then migrate to other areas? The meaning 
of the clustered provenances showing significant 
correlations between genetic distance and geographic 
distance might be clearer if informations on the
distribution of this species during late glaciation and 
post-glaciation were available.
Patterns of Variation Related to Environment
Relationships among isozyme frequencies, provenance 
geography (Table 1, page 9) and climatic data (Appendix 4) 
were investigated. First, correlations among provenance 
data were explored (Appendix 5). Latitude of provenances
(Lat) showed negative correlations with all other variables 
except longitude of provenances (Longi) at the .1 percent 
level. In other words, provenances in southern latitudes
are characterized by higher elevation (Ele), more frostfree 
days per year (Frost), more annual precipitation (Precip), 
and higher average January (Jan), July (Jul), minimum (Min) 
and extreme minimum (Exmin) temperatures than provenances in 
northern latitudes. Strong negative correlations between 
latitude and elevation, and between latitude and annual 
precipitation were unexpected but not surprising. The 
southern range of this species extends into the south along 
the Appalachian mountains (see Fig. 5). Southern 
provenances are located at high elevation, and have more 
annual precipitation due to local climatic conditions. 
Longitude of provenances correlated with elevation (Ele) and
annual precipitation (Precip) at the five percent level.
Therefore, only correlations among isozyme frequencies and 
latitude and longitude are presented in Table 12. Average 
temperature in January (Jan) can be substituted for
Table 12. Correlation coefficients among isozyme
frequencies, average heterozygosity (Het), 
and latitude and longitude of the provenances.
Isozyme Latitude
Longitude
r Probability r Probability
LAPIN a -.03 .444 .01 .478
LAP22 a i • 00 . 0 0 5 .15 .231
LAP32 a i • ro .014 .32 .049
PGI12 -.18 .182 -.10 .315
PGI22 -.39 .021 - . 2 5 .093
G0T11 .52 .003 .02 .453
G0T22 -.10 • 311 .03 .440
C-0T32 a • 36 .029 -.02 .169
SDH 2 a • 30 .062 .25 .095
ME12 a -.04 .449 .10 • 309
ME22 . 3 6 .032 -.12 .279
PER 12 . 1 0 .311 -.09 .331
PER 2 2 a .12 .275 -.23 .073
F-EST2 a .29 .072 .01 .479
PGM22 a -.73 .000 .02 .460
MDH11 a -.01 .430 -.11 .273
Het .48 .005 - . 1 6 .209
a s alleles having good evidence for allelism.
latitude, but latitude was chosen for ease of obtaining data 
and of understanding. A few significant correlations were 
found with latitude, while longitude correlated only with 
LAP32 frequencies at the five percent level. Correlations 
between latitude and PGM22 was significant at the .01
percent level. LAP22 and G0T11 were correlated with 
latitude at the 1.0 percent level, whereas LAP32, PGI22,
GOT32 and ME22 were correlated at the five percent level. 
These significant correlations were not caused by a few 
exceptional data. This conclusion was reached by checking
scatter graphs of these variables. Therefore allele
frequencies at above seven loci can be concluded to have 
shown clinal variation trends with respect to latitude.
Studies of the relationship between individual isozyme 
frequency and geographic or climatic variables in forest 
trees are rare. MDH and 6-PGD in £. t aed a showed 
significant correlations with temperature, longitude or 
annual precipitation (Florence and Rink 1980). PER and PGM1 
in P. ponder os a differentiated with elevation (Mitton e_t 
al ♦ 1 980). Clinal variation of allele frequency along
altitudinal gradients has often been reported (Lundkvist 
1 979, Yang ejb aJL. 1977, Yeh and O ’Malley 1 980). Increasing 
latitude and elevation in the northern hemisphere resulted 
in effects in the same direction, and were well documented 
in the case of AP in Picea abies by Bergmann (1978).
Isozymes in the different species reported above showed 
correlation with no variables in common. Different
environmental factors may act as selective forces in
different species, and even the same species may be
subjected to differnt selection pressure in different
locations. For example, geographically separated groups in
£.• taeda, east or west of the Mississippi River, showed
different correlations among allele frequency and provenance
variables (Florence and Rink 1980). Clinal variations in
allele frequencies are often claimed to be caused by
selection (Bergmann 1978). However, the possibility of
processes other than natural selection causing the clinal
variation can not be excluded (Kimura and Maruyama 1971).
Average heterozygosity (Het) showed correlation with 
latitude, the correlation was significant at the one percent 
level (Table 12). Higher heterozygosity was observed in 
northern provenances than in southern ones. However, 
heterozygosity at seven among 16 loci showed negative 
correlations with latitude, the correlation was 
statistically significant at the one percent level at G0T1 
and PER 1, and at the five percent level at SDH, ME2, F-EST
t
and MDH1 . Yang e_t_ a_l. ( 1 977 ) reported low heterozygosity 
in northern sources in Pseudotsuga menziesii. Only three 
loci were used for the study and the results might be 
biased, however.
Cluster An alys i s
Results of cluster analysis with frequencies of all 
alleles from 16 polymorphic loci are presented in Appendix 
6. Two clusters, roughly, were recognized; central 
provenances and marginal provenances. The marginal
provenances were loosely clustered and different from each 
other, suggesting ecotypic variation. There were exceptions 
in this grouping; provenances 1 (GA), 19 (Minn.) and 20
(Nova Scotia) in the central cluster are the marginal 
provenances geographically, whereas provenances 9 
(Clearfield, Penn.) and 10 (Ulster, NY) in the marginal 
cluster might be more correctly classified in the central 
cluster geographically. In general, the sample was too 
small to detect all but the broadest clinal variation or the 
strongest ecotypic variation.
Another cluster analysis was carried out using a 
reduced data set. The most common allele at the ten loci 
having good evidence for allelism was subjected to alpha 
factor analysis with varimax rotation. Six alleles were 
chosen which had loadings of 0.5 or greater on one factor 
and low loadings on the remaining three factors (Appendix 
7). These four factors accounted for 70 percent of common
variance (footnote 2) of the ten alleles in the analysis. 
From the results of cluster analysis, four clusters could be
2. For factor analysis, each trait or measure is assumed to 
have a linear function of a small number of common-factor 
variates and a single specific variate. The common variance 
is the variation associated with other measurements in the 
sample (Eckert and Westfall 1975).
recognized using both amalgamated distance and geographi 
distance criteria (Appendix 8). Clusters using the reduced
data set were differnt from the previous clusters. By
eliminating loci which had weak evidence for allelism and
low common variance among loci (Appendix 7) and excluding
rare alleles at the chosen loci, the cluster analysis should
be more representative of allelic variation contributing
most to common variance in the data set.
A cluster map of provenances was made according to the 
Appendix 8 (Fig. 5). Cluster I included four provenances 
(6, 11, 14 and 20) and covered Nova Scotia, approximately
one-third of the New England area and the northeastern part 
of Pennsylvania. Cluster I may represent a maritime
ecotype. Cluster II contained eight provenances, west of 
cluster I and approximately east of the Appalachian ridges 
and may represent populations adopted to growth in the 
Appalachian highlands. One exception was provenance 28 
(Lake, Minn.) in cluster II. Cluster III included 11 
provenances; all provenances west of cluster II, except 
provenances 23 (Pontiac, Quebec) and 28 (Lake, Minn.). 
Cluster III located on Appalachian plateaus and plains west 
of the Appalachians. Cluster IV contained four provenances, 
three provenances in the southern Appalachians and 
provenance 23. Provenances in cluster IV were different 
from the other clustered provenances and were substantially
different from each other. The three southern provenances 
in cluster IV may be refugia from glaciation. Because of
i range boundaries.
» cluster boundaries.
Figure 5* A cluster map of provenances.
complex topography of the Appalachians, gene flow among the 
three provenances may have been restricted resulting in the 
three provenances having different genetic composition from 
each other and from other provenances. Growth performance
(Demeritt and Kettlewood 1975), and other morphological and 
physiological studies (Mergen 1963) also suggest ecotypic
variation around these three provenances. The 
interpretation of the high differentiation of provenance 23 
is not readily discernable. However, an extremely cold 
climate north of the provenance (Wyman and Flint 1967) may 
have affected high genetic differentiation in this 
provenance.
Genetic distances among clusters (Table 13) were mean 
values of all genetic distances among provenances belonging 
to clusters under comparison. For example, genetic distance 
between clusters I and II is the mean of 32 (4 provenances 
in the cluster I x 8 provenances in the cluster II) genetic 
distances in Table 10. The trend of increasing geographic 
distance-increasing genetic distance can also be found.
Genetic structure of Pinus strobus has been 
investigated by several measures. Substantial genetic 
differentiation within and among provenances was indicated 
by all the indices. The interprovenancial allele 
differentiation amounted to eight percent of the total 
variation. Genetic distance and geographic distance were 
significantly correlated. Central and marginal provenances
Table 13. Genetic distances among clusters.
Cluster II III IV
I . 0 2 5 .023 .052
II .031 .05^
III .063
could be identified with cluster analysis, when all isozyme 
data were used. Cluster analysis using frequencies of six
alleles, chosen for their high contributions to common 
variance, showed four clusters of provenances. Some 
ecotypic variation was indicated in the southern 
Appalachians and in the northern part of the species range.
C H A P T E R  III
RELATIONS AMONG ISOZYME VARIABLES AND HEIGHT GROWTH
INTRODUCTION
The relationships among isozyme variables and other 
variables such as growth parameters, morphological and
physiological traits have been investigated since the
beginning of isozyme studies. Enzymes are gene products
having catalytic functions, and alternative forms of enzymes 
at a locus (allozymes) are suspected to have differing 
functional efficiencies.
One of the first reports showing differential activity 
of isozymes came from observations of different temperature 
optima of isozymes from two EST alleles in a freshwater fish 
species (Ca tostomus clarki i) (Koehn 1 969). The enzyme 
produced by the common allele in southern populations had
higher optimal temperature than the enzyme produced by the
common allele in northern populations. A few loci in acorn 
barnacles also showed thermal selection (Nevo e_t a_l. 1977). 
LAP alleles in a marine bivalve species (Myt ilus ed uli s)
were strongly correlated with salinity and temperature
(Koehn 1978). Slender wild oat (Avena barbata) is one of
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the well studied plant species in relation to allele 
frequency distribution and environments. Alleles at three 
loci for ESI and at two loci for PER were apparently 
selected for mesic or xeric sites (Hamrick and Holden 1979).
Several papers have been reported on environment and 
isozyme variation in forest trees, as reviewed in chapter
II. However, direct comparisons between isozyme frequency 
and other traits in trees are rare. Linhart et_ a_l. ( 1 979 ) 
reported high or low cone producing _P. ponderosa trees had 
significantly different frequencies of alleles at PER, F-EST 
and colorimetric esterase loci. In the same species, level 
of infestation by woolly aphids and damage by deer browsing 
also differed between genetically different clusters 
(Linhart £t_ a_l. 1981).
Growth Variation in strobus
Pinus strobus has been one of the most extensively 
studied tree species in relation to geographic variation. 
The first provenance test of this species, established in 
Massachusetts, was reported by Pauley e_t a_l. ( 1 955 ). Local 
seedlings grew well, and the farther away the seed source 
from the test plantation, the poorer growth was. No 
ecotypic variation was observed. Many results on growth . of 
USDA Forest Service provenance test have been published 
(Demeritt and Kettlewood 1975, Fowler and Heimburger 1969, 
Funk 1964, 1979, Funk and Jokela 1 979, Funk ejt a_l . 1 974,
Garrett et a_l_. 1 973, King and Nienstaedt 1 968, Sluder and
Dorman 1971, Sprackling and Read 1976). Early results on 
growth as well as on other traits were reviewed by Wright 
(1970). Results of growth studies can be summarized as
follows: southern Appalachian sources grow well in southern
and central plantations, but more northern sources grow well 
in northern plantations.
Based on early results from the above provenance 
testing, another more intensive test was established, that
included more provenances from southern Appalachian sources. 
Results from this test were also reported (Genys 1968, Genys 
et al . 1 978, Roth and Carson 1 976 , Thor 1974).
Observations confirmed, in general, results of the previous 
test. Individual selection within superior provenances was 
suggested for further improvement in growth. In all three 
studies, Virginia provenances grew poorly, indicating 
ecotypic variation.
The purpose of this chapter is to investigate 
relationships among isozyme variables and height growth. 
The relationships among isozyme variables and morphological 
and physiological traits, and among isozyme variables and 
monoterpenes are included in Appendices 12 and 13.
MATERIALS AND METHODS
Allele frequencies (Appendix 3-1 to 3-3) were arcsin 
transformed. Only the most common allele at each locus was 
used, because frequency of other allele(s) correlated 
strongly with the most common allele as mentioned before 
(page 45). Average heterozygosity was also used as an 
isozyme variable.
Growth data, morphological and physiological data were 
adopted from many published papers. Height growth data from 
28 provenance test plantations (Appendix 9, see Fig. 6) 
were included in the data analyses. Not all plantations 
contained all provenances, and height growth was not 
measured at the same age in all plantations. Wherever 
possible, the most recently published data were used. 
Monoterpene data were provided by Dr. Ronald C. Wilkinson 
(USDA Forest Service, Forestry Science Laboratory, Durham, 
NH) .
Relationships were studied with Pearson correlation 
analyses. Contributions of three isozyme alleles, 
correlated strongly with growth, to height growth Were 
studied with stepwise multiple regression. In order to 
clarify the relationships between isozymes and growth, 
plantations were sometimes divided into two groups; mid to 
southern, and northernmost, according to the latitude of
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each plantation and growth of southern and northern 
provenances. The dividing line for south and north ran 
through the middle of Wisconsin, Michigan, New York and 
Massachusetts. According to this division, 19 plantations 
belonged to the mid to southern plantations and nine 
plantations to the northernmost plantations.
Relationships between average heterozygosity and height 
growth were studied with Pearson correlation analyses using 
all plantations, and with height growth of southern and 
northern provenances at mid to southern and northernmost 
plantations, respectively. Provenances were also divided 
into southern and northern provenances in a way similar to 
the way that plantations were divided. The dividing line 
was further south than the dividing line for plantations. 
Only those provenances having data from at least half of the 
plantations were included for calculations of height and 
variance.
RESULTS AND DISCUSSION
Isozymes and He ight Growth
Correlation analysis between isozyme variables and 
relative height growth (Table 14) at mid to southern 
plantations, 19 of 28 plantations, showed many more 
significant correlations than at northernmost plantations. 
These correlations suggest that some of the isozymes studied 
are associated strongly with growth at mid to southern 
plantations, but the same isozymes at northernmost 
plantations are suppressed by other factors, possibly by 
harsh environments. Harsh environments exist in northern 
portions of the range as evidenced by reduced growth rates 
there (Appendix 9). The extent of the southern range seems 
to be determined by other factors, such as competition with 
other species, rather than harsh climatic environment 
because this species grows well in test plantations out of 
the southern range (Fig. 6, Appendix 9).
Many statistically significant correlations, mostly at 
the mid to southern plantations, were observed, particularly 
with LAP22, LAP 3 2, G0T11, ME22, F-EST2 and PGM22. These 
isozymes, or genes linked strongly with these loci may play 
important roles in height growth of this species. No 
significant correlation was detected with PER12, whereas 
just one or two significant correlations were detected with
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Table 14. Significant correlations between isozyme 
variables^/ and relative height growth at 
28 plantations-^.
Plan­
tation LAPIN LAP22 LAP32 PGI12 PGI22 G0T11 G0T22 G0T32 
No.
  Mid to Southern Plantation --
1 ( 6)
2 (15)
3 (15) * *** * (-)
4 (15) *
5 (15) * *
6 (15) * ** * (-)
7 (15) * **
8 (15) * *
9 (14)
10 (15)
11 (14) * (-)
13 (12) * * *
17 (25) *-*• * (-)
18 (27) * * ** **(-)
19 (23) * ** * * (-)
20 (22) * * (-)
21 (27) # ** * (-)
22 (27) * * (-)
23 (22) ** **
  Northernmost Plantation --
12 (14)
14 (12) *
15 (15) * (-)
16 (15) *(-) ***(-)
24 (21) *(-)
25 (27) * *
26 (22)











--  Mid to So
1 ( 6)
2 (15) ** (-)
3 (15) ** (-)
4 (15) ** (-)
5 (15) ** (-)
6 (15) ** (-)
7 (15) * (-)
8 (15) *
9 (14) * (-)
10 (15) ** (-)
11 (14) ** (-)
13 (12)




21 (27) ** (-)






































a/ : The most common allele at each locus, 
b/ : see Figure 6 and Appendix 9*
Numbers in parenthese show number of provenances used 
for correlation calculation.
*, ** and *** : significant at 5. 1 and .1 percent
level, respectively.
(-) indicates negative correlation.
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LAP 1N , GOT32, SDH2, ME12, PER22 and MDH11. These rare 
significant correlations with growth are probably chance
events, but they may indicate specific relationships between 
growth and the isozyme concerned at the particular 
plantation.
Contributions of the 16 alleles to variance of height 
growth at each plantation based on stepwise multiple 
regression were different among isozyme variables. Three 
alleles, LAP32, ME22, PGM22, which showed strong
correlations with growth at many plantations, accounted for 
47 percent of the variance of height growth (Table 15). 
LAP32, ME22 and PGM22, each, accounted for about 20 percent 
of the variance when investigated with simple regression 
analyses. Mean contributions of these alleles, separately 
or combined, at the mid to southern plantations were 
remarkably greater than at the northernmost plantations.
An interesting trend was observed in correlations
between the height growth at each plantation and the three 
variables. Both LAP32 and PGM22 showed positive 
correlations, with rare exceptions, with growth at mid to 
southern plantations, but showed negative ones at 
northernmost plantations. In the case of ME22, the 
direction was reversed; negative correlations at mid . to 
southern plantations and positive ones at northernmost
plantations. This is interesting since frequency of LAP 
alleles in Mytilus edulis (Koehn T978 ), and ME alleles in 
acorn barnacles (Nevo e_t al . 1 977 ) showed a strong
Table 15- Proportion of variance in relative height
growth accounted by three isozyme variables.
R2
r 2 y
Plantation LAP 3 2 ME22 PGM22
--- Mid to Southern Plantation —
1 GA .10 .15 • 73 .73
2 NC .44 • 50 .41 . 9 2
3 NY • 51 .37 .25 .79
4 Ind. .58 .41 .28 .89
5 Ohio .58 .36 .18 .80
6 111. • 35 .42 .27 • 70
7 111. .21 .14 .14 . 64
8 Iowa .45 .27 .19 .35
9 Mich. .08 .23 .05 .27
10 Mich. .07 .40 .40 .59
11 Mich. .02 • 39 .40 .58
13 Ontario .33 .17 • 54 • 78
17 WVA .28 .22 .11 .43
18 MD .19 .09 .27 .41
19 MD .34 .12 .19 .49
20 Ohio .29 .43 .18 .62
21 Penn. .20 .23 .12 .38
22 Penn. .22 . 16 • 31 . 4 9
23 Penn. .41 • 03 .05 .43
Mean .30 .27 • 27 .59
--- Northernmost Plantation --
12 Mich . 06 .02 .00 . 06
14 Ontario .00 .03 .20 .33
15 WIS .01 .01 .13 .20
16 Minn. .05 .00 .33 .41
24 Mass. .02 .04 .07 .18
25 Vermont .19 .02 .07 .23
26 NY .00 , •05 .01 .10
27 Maine . 16 .10 .00 .21
28 Maine .01 .01 .04 .09
Mean . 0 6 .03 .09 .20
Total .22 .19 .21 .47
a/ : by each variable separately, 
b/ : by three variables together.
correlation with temperature. However, no other evidence is 
available for _P. strobus suggesting those alleles are 
differentially selected according to latitude or 
temperature. Physiological and biochemical studies on these 
isozymes should be initiated to clarify the situation.
Plantations were grouped according to correlations 
between growth and isozyme variables. Groupings with PGM22, 
as an example, is presented in Figure 6. (Groupings with 
LAP32 and ME22 are presented in Appendix 10). Plantations 
could be grouped into three regions: southern, central and
northern. Plantations in the southern group (Fig. 6) 
showed positive, statistically significant, correlations 
between growth and PGM22 frequency. This group is located 
roughly in zone V, VI and VII in plant hardiness zones 
(Wyman and Flint 1967) (footnote 3).
Another isolated area belonged to this group; 
plantation 10 (Michigan), 11 (Michigan) and 13 (Ontario). 
These three plantations are surrounded by the Lake Michigan, 
Lake Huron, Lake Erie and Lake Ontario. The hardiness zone 
map also showed zone V around these lakes. Recall that 
latitude correlated, negatively, with annual precipitation 
(Precip) (see Appendix 5). Frequency of PGM22 was also 
correlated with annual precipitation, negatively, at the ..01
3. "Plant hardiness zone map in the United States and 
Canada" was made according to the average annual minimum 
temperatures. Natural range of _P. strobus covers zone II 
(average annual minimum temperature -50 to -35 F) through 
zone VII (5 to 10 F) .
 -.»< 1| _[_ jmimjjciOlliEr o BIMBH I^I
13**/
*, **: significant at 






— : hardiness zone 
boundaries.
(Wyman and Flint 1967)
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Figure iL Correlations between PGM allele frequency and relative height growth at 28 
plantations.
percent level as well as with latitude at the same 
significant level. The temperature and moisture around 
those three plantations may be similar to more southern 
plantations, because of the lakes. Temperature data at 
provenance 24 (Appendix 4), near plantation 13, are really 
mild for its latitude.
Plantations in the central group, located approximately 
within zone III and zone IV on the plant hardiness zone map 
(Fig. 6), showed no significant correlations between growth 
and PGM22 allele frequency. However, negative correlations 
were observed at provenances located, roughly, in zone III, 
and positive correlations in zone IV. The northen group 
showed statistically significant, negative, correlation 
between growth and PGM22 frequency. This group contained 
only provenance 16 (Minn.), and was the only plantation 
located inside zone II on the hardiness zone map.
Grouping of plantations according to correlations 
between growth and LAP32 and ME22 was similar to the above 
groups (Appendix 10). For example, the three plantations 
surrounded by lakes (provenances 9, 10 and 11) belonged to
the southern group when grouped according to correlations 
between growth and ME22 frequency. These matching groups of 
plantations grouped whether by correlations between allele 
frequencies and growth or by climate of plantations strongly 
suggest an association between isozymes and growth, and 
between isozymes and climatic variables.
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Though no evidence on differential activity or
efficiency of alleles at the above three loci in this
species is available, a hypothesis that different alleles 
have different optimum under different conditions can easily 
be formed. Suppose the PGM22 allele or any allele linked
strongly with this allele is more efficient under conditions 
prevailing in the southern area, and alternative forms,
PGM21 and PGM23 (Appendix 3-3), or any allele linked
strongly with these alleles are more efficient under 
conditions prevailing in northern areas. The positive 
correlations at the southern plantations or negative ones at 
the northern plantations between PGM22 allele frequency and 
growth could be explained. In the central area, neither 
allele would have advantage, but approaching the south or 
north, one or the other allele would have greater 
e fficiency.
Average Heterozygosity and Height Growth
Average heterozygosity correlated negatively with 
relative height growth, and variance in growth over all
provenances at all plantations. The correlations were 
statistically significant at the ten percent level (Table
16). When plantations were divided, correlation between
average heterozygosity and growth at the mid to southern
plantations was negative, whereas that at the northernmost 
plantations was positive. The former correlation was
significant at the five percent level. Correlations between









j. i uvunantL . ... . *
Mid to Northern- 
Southern most
- - H e i g h t
Average -.33 A -.5^ * .2k Southern -.**7 (7) • ^ 3 (12) AHetero­
zygosity (22) (16) ( 2 5) Northern -.37 (9) .15 (13)
—  V a r i a n c e -----
Average -.32 A .23 -.06 Southern .20 (7 ) -•53 (12) *Hetero­
zygosity (22) (1 6) (25) Northern •30 (9) .28 (13)
Numbers in parentheses show number of provenances used for the calculation. 
A  and * * significant at the 10 and 5 percent level, respectively.
87
average heterozygosity and variance in growth showed 
reversed signs; positive at the raid to southern plantations 
but negative at the northernmost plantations. High average 
heterozygosity seems to be favoured in the northern 
environments.
The relationships between average heterozygosity and 
height growth were further investigated with divided sets of 
data (Appendix 11). Thirteen provenances belonged to the 
southern provenances and the remaining 14 provenances to the 
northern provenances. Correlations with average
heterozygosity showed the same trend as before. However, 
correlation between average heterozygosity and growth of 
southern provenances at northernmost plantations was 
significant at the ten percent level and correlation between 
average heterozygosity and variance in growth of the
southern provenances at the northernmost plantations was 
negative and significant at the five percent level.
These results may suggest some practical points in
choosing southern provenances of this species for 
northernmost plantations. Southern provenances having high 
average heterozygosity may grow better and show less
variability among plantations in the northern region than 
provenances having low average heterozygosity.
Funk and Jokela (1979) reported that variation in 
height growth among provenances of £. strobus decreased 
with age. The same trend was observed in the current study. 
However, correlations between average heterozygosity and
height growth performance with data from plantations 15 
years old or more, and those with data from plantations 14 
years old or younger showed similar results as in Table 16. 
Age effect on correlations between average heterozygosity 
and growth, and between average heterozygosity and variance 
in growth seemed not to be great between the two age groups 
studied.
Knowles and Mitton (1980) reported a relationship 
between isozyme heterozygosity level and stability in annual 
growth of .P. contorta at the individual tree level. Trees 
with overall high levels of heterozygosity had less 
variability in annual diameter growth than trees with low 
levels of heterozygosity. Contrary to the above results, 
high heterozygosity was associated with high variability in 
growth rate from _P. ponderosa and from Populus tremuloides 
(Mitton e_t clL. 1981). Seed production strategy of those 
species was used for the interpretation of the differences.
Relationships among isozymes and growth showed strong 
correlations in _P. strobus. However these results were 
obtained from a limited number of provenances and 
plantations. Studies with greater number of provenances and 
plantations, as well as studies on relationships between 
average heterozygosity and variance in growth at each 
plantation, and the relationships at an individual tree 
level, as in £. contorta (Knowles and Mitton 1980), would 
be more revealing.
APPLICATION TO TREE IMPROVEMENT
Four clusters of provenances shown by cluster analysis 
may be treated as groups for tree improvement and gene pool 
conservation programs for this species. Within cluster 
variation should be examined carefully however as cluster IV 
in this study suggests these provenances are quite different 
from each other. Genetic structure based on foliar isozymes 
was similar to that based on provenance tests of this 
species. Therefore, isozyme analysis, if enough loci can be 
studied, has potential for complimenting provenance test
information.
Analysis of isozyme variation in populations should 
provide an estimate of true population variation. In the
current study, eight percent of the total variation was
among provenance variation. This may indicate that proper 
provenance selection alone could result in eight percent
genetic improvement of traits in average. On the other
hand, selection in a provenance can contain over ninety
percent of the total genetic variation existing over the
natural range of this species. Much more investigation of
these relationships need to be done.
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Average heterozygosity may be used as an index for 
selecting southern provenances for planting at northernmost 
plantations of this species. Average heterozygosity 
correlated positively with relative height growth, and 
negatively with variance in growth. So, by selecting
southern provenances with high average heterozygosity, 
better growth and low variation in growth among northernmost 
plantations may be obtained.
Many strong correlations were observed among allele 
frequencies and growth, morphological and physiological
traits, and monoterpene concentrations. All of these 
statistically significant correlations may not be 
significant biologically. However, the isozymes which 
showed strong correlations with any specific trait can be 
used as candidates for further vigorous investigations on
the biological association among isozymes and the specific 
trait.
The 16 polymorphic loci, though some loci need further 
firm evidence for allelism, can be used as genetic markers. 
Some possible areas where the markers can be used are
identifying clones in seed orchards, mating system, hybrid, 
and gene linkage. The procedures and techniques improved by 
this study may be easily used for other plant or tree 
species, with minor changes if needed.
APPENDICES
Appendix 1. Genotype frequencies per provenances.








12 11 22 33 12 13 23 11 22 33 12 13 23
1 7 5 10 3 0 25 0 0 0 0 0 25 0 0 0 0
2 2 14 2 7 0 23 0 0 0 2 0 25 0 0 0 0
3 6 1 15 3 0 25 0 0 0 0 0 24 •0 0 0 1
4 1 5 12 7 0 22 0 0 0 3 0 25 0 0 0 0
5 0 8 7 10 0 21 1 0 0 3 0 25 0 0 0 0
6 2 2 11 10 0 21 0 0 0 3 0 24 0 0 0 1
8 3 Ik 4 4 0 21 2 0 0 2 0 25 0 0 0 0
9 3 8 6 8 0 25 0 0 0 0 0 25 0 0 0 0
10 2 12 8 3 0 23 0 0 0 2 0 25 0 0 0 0
11 1 8 11 5 0 20 2 0 0 3 0 24 1 0 0 0
12 1 6 9 9 0 21 0 0 0 4 0 24 1 0 0 0
13 5 7 7 6 0 16 3 0 0 6 0 25 0 0 0 0
14 4 1 14 6 0 22 0 2 0 1 0 24 0 0 0 1
15 7 6 11 1 0 21 2 0 0 2 0 20 2 0 0 3
16 8 5 6 6 1 19 0 0 0 5 0 25 0 0 0 0
18 6 8 6 5 0 16 2 1 0. 6 0 25 0 0 0 0
19 2 k 16 3 0 23 0 1 0 1 0 25 0 0 0 0
20 8 4 7 6 0 22 1 0 0 2 0 23 1 0 0 1
21 3 10 6 6 0 15 2 0 0 8 0 22 0 3 0 0
22 4 7 8 6 0 22 1 1 0 1 0 21 2 0 0 2
23 1 11 6 7 0 11 4 0 0 10 1 22 1 0 0 1
24 4 6 5 10 0 20 0 0 0 5 0 25 0 0 0 0
25 3 4 12 6 0 16 2 0 0 7 0 23 0 0 0 2
27 9 4 7 5 0 22 0 0 0 3 0 25 0 0 0 0
28 3 5 11 6 0 21 2 0 0 2 0 25 0 0 0 0
29 5 3 12 5 0 25 0 0 0 0 0 25 0 0 0 0




11 22 33 12 13 23 11 22 33 12 13 23
1 0 25 0 0 0 0 0 25 0 0 0 0
2 0 25 0 0 0 0 0 25 0 0 0 0
3 0 25 0 0 0 0 0 25 0 0 0 0
4 0 25 0 0 0 0 0 25 0 0 0 0
5 0 25 0 0 0 0 0 25 0 0 0 0
6 0 25 0 0 0 0 0 25 0 0 0 0
8 0 25 0 0 0 0 0 23 0 2 0 0
9 0 24 0 1 0 0 1 22 0 2 0 0
10 0 23 0 2 0 0 0 25 0 0 0 0
11 0 25 0 0 0 0 0 23 0 2 0 0
12 0 24 0 0 0 1 0 25 0 0 0 0
13 0 25 0 0 0 0 1 23 0 0 0 1
14 0 24 0 1 0 0 0 25 0 0 0 0
15 0 16 0 9 0 0 0 24 0 1 0 0
16 0 25 0 0 0 0 0 21 0 4 0 0
18 0 24 0 0 0 1 1 13 0 11 0 0
19 0 25 0 0 0 0 0 25 0 0 0 0
20 0 25 0 0 0 0 0 24 0 1 0 0
21 0 24 0 0 0 1 2 23 0 0 0 0
22 0 25 0 0 0 0 0 24 0 1 0 0
23 0 25 0 0 0 0 1 22 0 2 0 0
24 0 25 0 0 0 0 0 23 0 0 0 2
25 0 25 0 0 0 0 0 21 0 2 0 2
27 0 25 0 0 0 0 0 25 0 0 0 0
28 0 25 0 0 0 0 2 16 0 5 0 2
29 0 25 0 0 0 0 0 15 0 6 0 4
30 0 25 0 0 0 0 2 22 0 1 0 0
Appendix 1. (continued)









12 11 22 12 11 22 12 11 22 33 12 13 23
1 0 25 0 0 0 25 0 6 8 10 0 25 0 0 0 0
2 6 19 0 0 0 25 0 17 2 6 3 11 0 11 0 0
3 7 16 2 0 0 25 0 9 3 13 0 19 0 0 0 6
4 1 24 0 0 0 25 0 3 12 10 0 25 0 0 0 0
5 1 24 0 0 0 25 0 9 6 10 0 24 0 1 0 0
6 0 25 0 0 0 25 0 6 6. 13 0 22 0 1 0 2
8 0 24 0 1 0 25 0 6 7 12 0 19 0 5 0 1
9 1 24 0 0 0 24 1 3 6 16 0 23 0 2 0 0
10 0 25 0 0 1 24 0 3 8 14 0 19 0 4 0 2
11 0 25 0 0 0 24 1 8 4 13 0 21 0 4 0 0
12 0 25 0 0 0 25 0 5 10 10 0 24 0 1 0 0
13 1 23 1 0 0 25 0 7 3 15 0 21 0 4 0 0
14 0 25 0 0 0 25 0 1 4 20 0 22 0 2 0 1
15 0 25 0 0 0 25 0 10 8 7 0 25 0 0 0 0
16 0 25 0 0 0 25 0 5 5 14 0 24 0 1 0 0
18 0 25 r\\j 0 0 25 0 5 6 14 0 25 0 0 0 0
19 0 25 0 0 0 25 0 4 10 11 0 25 0 0 0 0
20 0 25 0 0 0 25 0 9 7 9 0 22 0 3 0 0
21 0 25 0 0 0 25 0 5 8 12 0 24 0 1 0 0
22 0 25 0 0 0 23 2 3 8 14 0 24 0 0 0 1
23 0 23 0 2 0 25 0 12 2 11 0 22 0 3 ' 0 0
24 0 25 0 0 0 25 0 7 10 8 0 25 0 0 0 0
25 0 25 0 0 1 22 2 3 11 11 0 23 0 1 0 1
27 1 24 0 0 0 25 0 6 3 16 0 22 0 3 0 0
28 0 25 0 0 0 25 0 6 2 17 0 22 0 2 0 1
29 0 25 0 0 1 24 0 3 12 10 1 24 0 0 0 0
30 0 25 0 0 1 24 0 12 3 10 1 22 0 2 0 0
Appendix 1. (continued)
Prove.
ME1 ME 2 F-•EST
11 22 12 11 22 33 12 13 23 11 22 12
1* 0 18 1 0 18 0 1 0 0 0 23 2
2 3 11 11 0 23 2 0 0 0 1 18 6
3 0 25 0 3 18 0 4 0 0 0 22 3
l 22 2 0 25 0 0 0 0 0 25 0
5 0 25 0 0 24 0 0 0 1 0 25 0
6 0 22 3 0 22 0 1 0 2 0 22 3
8 0 25 0 0 17 0 4 0 4 0 23 2
9 1 18 6 0 14 2 1 0 8 0 25 0
10 3 15 7 0 25 0 0 0 0 0 21 4
11 1 21 3 3 22 0 0 0 0 0 25 0
12 0 22 3 0 25 0 0 0 0 0 25 0
13 1 21 3 l 23 1 0 0 0 1 24 0
14 0 19 6 0 25 0 0 0 0 1 24 0
15 0 22 3 0 25 0 0 0 0 0 25 0
16 0 21 4 0 20 5 0 0 0 0 25 0
18 0 25 0 0 23 2 0 0 0 0 24 1
19* 0 9 3 0 12 0 0 0 0 0 24 1
20* 0 15 6 0 21 0 0 0 0 0 24 1
21 0 24 1 0 25 0 0 0 0 0 25 0
22 0 24 1 0 24 0 0 0 1 0 25 0
23* 8 13 4 1 22 0 0 0 0 0
CM 0
24 6 ,15 4 0 24 1 0 0 0 0 24 1
25 0 23 2 1 23 1 0 0 0 0 25 0
27 1 23 1 0 25 0 0 0 0 1 23 1
28 0 21 4 0 25 0 0 0 0 0 23 2
29 0 22 3 0 25 0 0 0 0 0 25 0
30 0 19 6 0 25 0 0 0 0 0 25 0
* indicates provenances where data were collected from 




11 22 33 12 13 23 11 22 33 12 13 23
1 1 0 0 24 0 0 3 3 0 7 3 9
2 1 2 0 22 0 0 13 0 0 12 0 0
3 0 2 0 23 0 0 0 24 0 0 0 1
4 5 3 0 17 0 0 1 11 1 12 0 0
5 3 0 0 22 0 0 1 12 1 7 3 1
6 4 5 0 16 0 0 0 13 0 7 l 4
8 4 l 0 20 0 0 0 11 0 9 l 4
9 1 3 0 21 0 0 0 16 0 6 l 2
10 8 3 0 14 0 0 1 19 0 5 0 0
11 3 3 0 16 3 0 0 18 1 2 0 4
12 2 3 0 17 3 0 0 18 2 0 0 5
13 5 2 0 18 0 0 0 13 0 3 0 9
14 4 2 0 16 3 0 0 9 0 7 3 6
15 1 4 0 20 0 0 0 15 0 5 0 5
16 4 2 0 19 0 0 2 14 0 6 i 2
18 4 3 0 18 0 0 0 14 3 0 0 5
19 2 0 0 23 0 0 5 1 0 12 l 6
20 2 2 0 18 1 2 1 13 0 4 2 5
21 3 4 0 18 0 0 0 21 0 0 0 4
22 1 3 0 21 0 0 1 16 0 **D 1 2
23 0 0 0 23 2 0 0 5 0 1 9 10
24 1 0 0 24 0 0 0 7 0 8 7 3
25 l 3 0 21 0 0 0 19 0 3 0 3
27 0 3 0 22 0 0 0 18 0 4 1 2
28 6 4 0 15 0 0 1 11 0 5 1 7
29 4 4 0 17 0 0 0 17 0 3 1 4




11 22 33 12 13 23 11 22 33 12 13 23
1 0 25 0 0 0 0 12 1 0 12 0 0
2 0 24 0 1 0 0 15 3 0 7 0 0
3 0 22 0 3 0 0 8 5 0 12 0 0
4 1 14 0 10 0 0 5 3 0 6 1 10
5 1 12 0 8 4 0 12 0 0 8 0 ■ay
6 2 13 0 9 0 1 11 1 2 7 3 1
8 0 17 0 5 0 3 9 2 0 13 l 0
9 4 16 0 3 0 2 11 2 0 12 0 0
10 2 16 0 4 2 1 13 0 5 0 6 1
n 0 13 0 6 0 6 5 11 0 7 0 2
12 0 18 0 6 0 1 9 2 3 6 5 0
13 1 12 0 6 0 6 14 0 2 5 4 0
14 1 15 0 7 0 2 9 1 3 8 3 1
15 1 14 0 9 0 1 20 1 2 1 0 1
16 0 17 0 8 0 0 9 2 5 7 2 0
18 3 11 0 10 1 0 10 2 2 9 2 0
19 3 7 0 11 2 2 14 2 0 9 0 0
20 0 13 0 9 0 3 7 3 1 11 3 0
21 2 10 3 4 3 3 11 0 1 9 4 0
22 2 14 0 9 0 0 6 0 0 12 7 0
23 1 11 0 12 0 1 14 0 2 4 5 0
24 2 15 0 5 1 2 11 1 3 4 6 0
25 2 15 0 6 0 2 11 1 . l 8 2 2
27 2 16 0 5 0 2 18 0 0 6 1 0
28 2 12 0 8 1 2 11 1 l 5 7 0
29 3 9 1 6 3 3 17 2 0 6 0 0
30 0 19 0 5 0 1 6 3 5 9 1 1
Appendix 2. Calculation formulae for genetic differenti­
ation among provenances.
Chi-square contingency table analysis (>Torkman and 
Niswander 1970).
X2= 2NZtf2pi/pi,
where N : total number,
2
6 pi : variance in allele frequency, and 
pi : mean frequency.
Allele diversity (Nei 1973)•
HT= l-( Z H X 2ik + T  IXik Xjk)/s2 , 
i k i/j k




where Xik : frequency of the kth allele in the ith 
provenance, and
s : number of provenance.
Genetic distance (Nei 1972).




where X , Y : provenance,
Xi, Yi : allele frequency of provenance X and Y,
jy, j„ : probability of identity of two alleles
in provenance X and Y,
jXY : probability of identity of an allele
from provenance X and an allele from 
provenance Y ,
JXy » Jjr an(^  ^Y5 ^i^hmatic means of j^Y' *bc'
and jY , respectively, and
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Appendix 3-2. Allele frequencies of GOT, SDH and ME.
G0T1 GOT 2 GOT 3 Sf-H ME1 WE2
Prove.
N 1 2 1 2 1 2 1 2 3 1 2 1 0 3
1 .00 1.00 .00 .00 1.00 .46 . 5 4 .00 1.00 .00 . 06 .94 . 06 .94 .00
2 .49 • 51 .00 .00 1.00 .80 .20 . 3 4 . 66 .00 • 34 .66 .00 .92 .08
3 .51 .45 .04 .00 1.00 . 62 .38 .00 .88 .12 .00 1.00 .20 . 80 .00
4 .20 .80 .00 .00 1.00 .32 .68 .00 1.00 .00 .08 . 92 .00 1 .00 .00
5 .20 .80 .00 .00 1.00 .56 .44 .02 . 98 .00 .00 1 .00 .00 . 98 .02
6 .00 1.00 .00 .00 1.00 .50 . 50 .0 6 .92 .02 . 06 .9 4 .02 .98 .00
8 .00 .98 .02 .00 1.00 .48 . 52 .10 .88 .02 .00 1.00 .08 .84 .08
9 .20 .80 .00 .02 .98 .44 . 56 .04 .96 .00 . 16 .84 .02 .74 .24
10 .00 1.00 .00 .04 . 9 6 .40 . 60 .08 • 92 .00 . 2 6 .74 .00 1.00 .00
11 .00 1.00 .00 .02 .98 .58 .42 .08 • 92 .00 .10 • 90 .12 .88 .00
12 .00 1.00 .00 .00 1.00 .40 . 60 .00 1.00 .00 . 06 .94 .00 1.00 .00
13 .18 .74 .08 .00 1.00 .58 .42 .08 . 92 .00 .10 .90 .04 • 96 .00
14 .00 1.00 .00 .00 1.00 .44 . 56 ;o4 . 9 4 .02 .12 .88 .00 1 .00 .00
15 .00 1.00 .00 .00 1.00 .54 .46 .00 1 .00 .00 . 06 .94 .00 1 .00 .00
16 .00 1.00 .00 .00 1.00 .50 . 50 .02 . 98 .00 .08 .92 .00 .80 .20
18 ■ .00 1.00 .00 .00 1.00 .48 . 52 .00 1.00 .00 .00 1.00 .00 • 92 .08
19 .00 1.00 .00 .00 1.00 .38 . 62 .00 1.00 .00 .12 .88 .00 1 .00 .00
20 .00 1.00 .00 .00 1.00 .54 .46 . 06 .94 .00 . 14 .86 .00 1 .00 .00
21 .00 1.00 .00 .00 1.00 .44 . 56 .02 .98 .00 .02 .08 .00 1.00 .00
22 .00 1.00 .00 .04 . 96 .40 . 60 .00 • 98 .02 .02 • 98 .00 . 96 .04
23 .00 . 9 6 .04 .00 1.00 .70 . 30 .0 6 .94 .00 .38 . 62 .04 . 96 .00
24 .00 1.00 .00 .00 1.00 .44 . 56 .00 1.00 .00 .32 .68 .00 . 96 .04
25 .00 1.00 .00 .08 .92 .34 .66 .02 .96 .02 .04 .96 .04 .92 .04
27 .20 .80 .00 .00 1.00 .56 .44 . 06 .94 .00 . 06 .94 .00 1 .00 .00
28 .00 1.00 .00 .00 1.00 • 58 .42 .04 .94 .02 .08 .92 .00 1.00 .00
29 .00 1.00 .00 .04 .96 .32 .68 .04 .96 .00 . 06 .94 .00 1 .00 .00
30 .00 1.00 .00 .04 . 96 .68 . 32 .08 .92 .00 .12 .88 .00 1.00 .00
Appendix 3-3* Allele frequencies of PER, F-EST, PGM and MDH.
Prove.
PERI PER 2 F-•EST PGM2 MDH!
1 2 3 1 2 3 1 2 1 2 3 1 2 3
1 .52 .48 .00 . 32 .44 .24 .04 .96 .00 1.00 .00 • 72 .28 .00
2 .48 • 52 .00 . 7 6 .24 .00 . 16 .84 .02 • 98 .00 .74 . 26 .00
3 .46 • 5k .00 .00 • 98 .02 . 06 .94 . 06 .94 .00 .24 .76 .00
4 .5k .46 .00 .28 .68 .04 .00 1.00 .24 .76 .00 .34 .44 .22
5 • 56 .44 .00 .24 .64 .12 .00 1.00 .28 .64 .08 .64 .26 .10
6 .48 • 52 .00 .14 .76 .10 .08 • 92 . 2 6 .72 .02 . 64 .20 . 16
8 .44 . 56 .00 .20 .70 .10 .04 .96 .10 .84 . 06 .34 .64 .02
9 .46 .54 .00 .14 .80 . 06 .00 1.00 .22 .74 .04 . 68 .32 .00
10 . 60 .40 .00 . 14 .86 .00 .08 .92 .20 • 74 . 06 .64 .02 •34
11 . 50 .44 . 06 .04 .84 .12 .00 1 .00 .10 • 78 .12 • 34 .62 .04
12 .48 .46 . 06 .00 .82 .18 .00 1.00 .12 .86 .02 • 58 .20 .22
13 • 56 .44 .00 . 0 6 • 78 . 1 6 .04 . 96 .16 .72 .12 • 74 .10 . 16
14 .40 .54 . 06 .20 .62 .18 .04 . 96 .18 .78 .04 . 58 .22 .20
15 .44 .56 .00 .10 .80 .10 .00 1 .00 .22 .76 .02 .82 .08 .10
16 • 5k .46 .00 .22 • 72 . 0 6 .00 1.00 . 1 6 .84 .00 . 16 .60 .24
18' • 52 .48 .00 . 0 6 .72 .22 .02 .98 .34 .64 .02 . 26 .62 .12
19 • 5k .44 .02 .46 .40 .14 .02 .98 • 38 .54 .08 • 74 .26 .00
20 .46 .48 . 0 6 . 16 • 70 .14 .02 .98 .18 .76 . 0 6 •56 .34 .10
21 .48 • 52 .00 .00 .92 .08 .00 1.00 .22 • 5k .24 .70 .18 .12
22 .46 .54 .00 . 16 • 78 . 06 .00 1.00 . 26 • 7k .00 .24 .62 .14
23 .50 .46 .04 .20 .42 .38 .00 1.00 .28 .70 .02 .74 .08 .18
24 • 52 .48 .00 • 30 .50 .20 .02 .98 .20 .74 . 06 .64 .12 .24
25 .46 .54 .00 . 0 6 .88 . 06 .00 1.00 .20 .76 .04 .64 .24 .12
2? .44 . 5 6 .00 .10 .84 . 06 .06 .9 4 .18 • 78 .04 .86 .12 .02
28 • 5k .46 .00 . 16 .68 . 16 .04 . 96 .2 6 .68 . 06 .12 .70 .18
29 .50 • 50 .00 .08 .82 .10 .00 1.00 .30 • 5k . 16 .80 .20 .00
30 .62 .38 .00 . 1 6 • 70 .14 .00 1.00 .10 .88 .02 .46 • 30 .24
Appendix 4. Climatic data for the provenances of Pinus 
strobus.












1 190 I80cm 4.4 22 .8 -15 -24
2 170 155 3-9 22 .2
3 190 107 3.9 24.4 -17 -27
5 150 99 0.0 22 .2
6 130 124 -4.4 18.9 -25 -31
9 140 112 -2.2 22.2 -24 -33
10 160 99 -3.9 22.2 -24 -32
11 120 94 -8.9 18.3 -31 -40
13 150 109 -5*6 20.6 -27 -31
14 130 102 -7-8 20 .0 -29 -38
15 140 84 -9.4 22.8
16 160 91 -2.2 22.8
18 120 56 -11.7 19-4
19 120 56 -13.9 20.6 -37 -42
20 130 140 -6.7 18.3 -25 -33
21 140 102 -7.8 18.9 -33 -38
22 107 -12.2 19.4
23 -1 7 . 2
24 170 81 -4.4 21.1 -24 -30
25 130 76, -12.2 1 7 . 8 -33 -41
28 140 66 -10.6 17.8 -38 -41
29 140 71 -9.4 18.3 -29 -34
30 170 109 1.7 22.8
A blank is given where no data are available.
Appendix 5* Correlations among provenance variables^.
Variable Lat Longi Ele Frost Precip Jan Jul Min Exmin








a/ Lat x Latitude.
Longi : Longitude.
Ele x Elevation.
Frost x Frostfree days per year.
Precip ; Annual precipitation.
Jan s Average January temperature.
Jul x Average July temperature.
Min : Average minimum temperature.
Exmin * Extreme minimum temperature.
*** , significant at 5, 1 and .1 percent level, respectively.
(-) indicates negative correlation.
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Appendix 6. Clustering of provenances based on all isozyme frequencies.








LAPIN - . 0 1 6 • 0 ON Vjn . 0 0 6 .349
LAP22 .089 .108 .338 .565 *
LAP32 -. 046 - .094 .942 * .115
C-0T32 .748 * .310 .187 -.100
SDH 2 .926 * -.098 -.151 .001
ME 12 .216 .404 . 0 60 .0 55
PER22 .083 .961 * -.141 . 053
F-E3T2 .494 .123 -.392 - . 3 0 5
PGM22 -.317 -.251 .028 . 6 9 7 *
MDH11 .022 -.069 -.017 - .044
Numbers in parentheses show percent of common variance 
accounted by the factor.
* indicates high loading on the factor, and these 
alleles were chosen for further cluster analysis.
6 lk 20 11 8 27 10 16 13 28 5 30 21 25 15 22 12 18 19 2k k 9 29 3 23 1 2
fc-CLUSTER I-*  CLUSTER II — --- CLUSTER III — ^CLUSTER IV*
Appendix 8. Clustering of provenances based on frequencies of six chosen alleles.
n — ■ —
Appendix 9» Relative height growth, expressed as percentage of plantation mean, of 
























Kask Cass Russ Kel. Pine Man. Tur. C-a.
1 134 14-1 121 121 126 123 119 115 109 107 111 102 129 116 78 80
2 - 132 116 116 112 110 112 94 - - - - - - - -
3 — 129 116 123 120 130 107 113 108 110 126 91 Ill 103 80 79
5 104 106 110 100 103 104 107 94 - - - - - - - -
6 103 115 113 U 5 116 111 115 119 136 106 118 100 Ill 119 98 101
9 - - - - - - - 110 103 - - - - - -
10 - - - - - - — - 104 109 - - - - - —
12 - 78 86 94 88 92 94 108 97 97 103 104 103 106 116 90
13 - — — - — — - — 98 102 - - - - - —
l4 — 69 80 80 86 72 80 94 80 95 91 98 92 97 82 93
15 - 81 79 78 63 85 88 82 - - 103 101 79 89 117 107
16 - 145 107 124 110 112 110 106 — - 116 110 114 86 12 5 99
18 - 101 108 114 111 106 107 108 - - 101 99 93 94 119 ill
19 78 - 88 83 93 8 7 94 90 - 89 91 99 89 90 100 113
20 98 82 101 91 105 108 .102 104 77 96 99 89 108 115 79 77
21 - - - - - - - - 96 94 - - - - - -
22 — - - - - - - - - - 89 - - - - —
23 — 71 83 65 69 79 80 80 - - - 92 78 94 100 121
24 - - — - — - - 115 106 - - - - - —
25 83 78 91 90 100 90 94 97 96 102 90 108 96 90 105 12S
28 - - - - - - - - 87 95 86 100 - - 106 111
29 - 73 - - - - - 88 90 81 104 - - 97 93
30 - 100 98 105 85 90 94 96 - - - - - - - -
Age 10 10 
Mean height
15 15 17 15 7 16 10 15 9 9 7 7 9 9
(ft) 13 - 11 32 25 30 29 2 26 6 24 2 3 4 4 2 2
J. uo
Appendix 9* (continued)
17 18 19 20 21 22 23 24 25 26 2 7 28
Prove. W7A Maryland Ohio Pennsylvania MAS3 VT NY Maine
Ri. Sav. Ke . St. liar. Al. Oro.
1 110 U 5 114 119 114 118 115 88 98 88 98 95
2 105 104 105 U 5 101 114 104 100 99 79 99 89
3 108 122 121 115 121 120 120 92 104 89 104 89
k 98 101 Ilk - 97 110 109 98 96 98 96 36
z 107 100 10k 123 105 95 107 90 101 99 101 94
6 109 ICO 113 U 5 107 106 116 104 108 106 108 108
8 103 99 91 - 102 106 - 105 107 108 107 93
9 115 109 U 5 112 110 113 119 116 109 109 109 114
10 102 101 106 106 102 113 106 118 107 108 107 104
11 108 101 111 — 112 117 107 104 107 117 107 118
12 99 105 101 95 104 101 110 94 106 110 106 103
13 108 103 103 106 107 100 111 102 110 105 110 110
lk 93 96 92 92 94 94 92 91 102 111 102 105
15 98 96 - 74 96 91 94 96 95 99 95 95
16 96 95 107 112 101 101 103 106 106 106 106 101
18 - 93 - 102 96 83 108 103 98 103 98 101
19 98 98 99 78 101 89 105 98 103 92 103 99
20 100 102 97 88 101 98 91 110 104 95 104 106
21 87 98 84 68 82 93 102 100 92 88 92 99
22 73 88 66 — 86 74 69 93 76 89 76 80
23 90 82 84 103 87 82 - - 96 - 96 87
2k 112 109 106 126 107 115 91 96 108 95 108 108
25 100 98 89 95 104 95 91 - 103 - 103 108
27 — 110 - - 108 105 - - 109 - 109 101
28 92 95 88 88 88 91 - - 99 - 99 97
29 93 87 86 85 99 85 - - 86 88 86 -
30 92 89 - 81 76 86 - - 77 - 77 -
Age 16 16 16 7 16 16 16 8 16 16 16 16
Mean height
(ft) 29 27 16 3 21 17 22 6 20 14 20 16
Growth data were obtained from
Sluder et al. (1971)
Wright (1970)
Funk et al. (1974)
Funk (1979)
Lee (197*0
Demeritt £t al. (1975)
Garrett et al. (1973)
1 .
2, 7. 9, 11, 12, 13, 




17, 18, 19, 2.1, 22, 






: natural range .
20
Groups by
s LAP32 frequency, 
s WF22 frequency.
Appendix 10. Plantation groups according to correlations between growth and LAP32, 





























11. Mean and variance of relative height
growth of each provenance at plantations.
Height________  Variance
Mid to Northern- Mid to Northern-
Southern most Southern most
-- Southern Provenance --
111 119 94 237 76 138
106 110 93 135 82 83
110 118 93 199 51 95
- - 95 - - 25
103 105 97 50 46 23
110 113 106 62 58 39
— — 104 - - 39
112 - 111 16 - 11
107 - 109 21 - 29
— — 111 - - 41
108 110 105 130 143 105
107 - 103 80 - 4 7
89 91 - 83 68 -
106 109 102 101 75 56
— Northern Provenance --
100 98 104 71 66 6l
105 - 107 17 - 14
91 87 98 94 70 72
91 86 99 138 114 69
102 102 103 64 72 59
94 91 100 68 57 ^5
97 97 98 100 68 183
91 94 80 — 26
— 83 - - 6l
87 81 98 160 87 119
97 94 106 87 4l 107
95 102 54 29
89 87 92 5^ 48 51
95 91 99 82 69 69
100 99 100 91 72 63
111
Appendix 12. Relationships among isozymes and morphological 
and physiological traits.
Geographic Variation in Morphological and Physiological 
Traits
Geographic variation in various morphological and 
physiological traits have been reported often. Mergen 
(1963) studied foliar traits of three year old seedlings 
from eight sources in Connecticut. southern trees had 
longer needles than northern ones, whereas northern trees 
had fewer stomata, more resin ducts, and more serrations per 
unit length of needle than trees from southern sources. 
Longer needles in southern sources were also reported by 
others (Genys 1968, Sprackling and Read 1976).
In contrast to the above reports, Hilton (1969) and 
Wright (1970), from a study conducted in Michigan with 14 
provenances, observed no recognizable geographic pattern in 
leaf length, width, number of resin canals, number of 
endodermal cells and serrations per unit length of foliage, 
though differences were observed among provenances. 
Variation in these foliar morphological traits may decrease 
with tree age (Wright 1970). Foliar color, an important 
trait of this species as a Christmas tree, was not 
correlated with geographic data of sources (Genys 1968).
Seeds from northern locations were lighter (Genys 
1968), and needed shorter periods of stratification for 
germination than southern seeds (Fowler and Dwight 1964, 
Mergen 1963). Seedlings from northern locations broke
dormancy more rapidly (Mergen 1963), and produced female 
flowers at earlier age than seedlings from southern 
locations (Sprackling and Read 1976, Wright 1970). 
Proportion of seedlings with lammas growth was significantly 
different among seed sources but with no geographic pattern 
(Fowler and Heimburger 1969). Specific gravity of wood was 
also different among sources, but showed no clear geographic 
pattern (Lee 197*0. Resistance to cold was greater in 
northern trees (Maronek and Flint 1974, Mergen 1963), and 
the poor growth of southern sources in northernmost 
plantations could be explained by the low cold hardiness of 
southern sources. Resistance to blister-rust (Patton 1966) 
and to white-pine weevil (Garrett 1972, Wilkinson 1980) 
showed no geographic pattern.
Hilton (1969) analyzed 12 mineral elements in foliage 
from 15 geographic sources. Significant differences in the 
concentration from N, Cu and Zn were observed, but with no 
geographic pattern.
Isozyme and Morphological and Physiological Traits
Correlations of morphological, physiological traits, 
and foliar chemical concentrations (Tables 1 and 2) with 
isozyme variables are listed in Table 3. GOT32, SDH2 .and 
MDH11 showed no significant correlation with any traits 
studied. The three best predictor isozyme variables based 
on stepwise multiple regressions (Table 4) were chosen for 
each morphological or physiological trait. The proportion
of variation accounted by the three isozyme variables varies 
greatly, but mean proportion for the 16 variables was 64 
percent, suggesting strong associations between isozymes and 
morphological and physiological traits in this species.
'fable 1. Morphological or physiological traits and 
foliar concentration of chemicals of 
Pinus strobus.










mg <j7 % ppm ppm
1 18.7 0 69 .259 1 .71 7.6 47
2 — 6 83 - - - -
3 20.3 12 75 .276 1 .70 9.4 48
4 — — 66 - - - -
5 — 19 58 - - - -
6 20.0 56 77 .270 h* CO 4.9 42
8 55 — — — -
9 — 37 67 .2 65 1.90 7.0 47
10 - 19 83 .280 1 .91 6 . 6 4 7
11 — - 78 - - - -
12 19-3 37 74 .249 1.90 5-9 45
13 - 25 74 .253 1 .90 5.2 50
14 16.9 50 17 .261 1.97 3.4 36
15 22.8 25 74 - - - -
16 18.8 25 88 - - - -
18 18.6 31 70 - - - -
19 15-3 12 85 .258 1.94 6.2 48
20 14.4 31 77 . 261 1.89 5.9 44
21 - 56 63 .255 1.90 4 . 9 40
22 - 84 - - - -
23 1 3 . 8 37 72 - - - -
24 — 37 83 .271 1.90 5 . 6 45
25 17.6 19 85 . 2 5 6 1.92 5-9 49
27 — — 66 - - - -
28 — 31 - . 262 1.91 5.9 50
29 - 31 81 .257 1.85 7.6 50
30 - - 83 — — — —
a/ : Fowler 1969-
b/ : Trees with female flowers at Pennsylvania at age 10, 
Wright 1970. 
c/ : Garrett 1972. 
d/ : Lee 1974. 
e/ : Hilton 1969-






















1 10 11 6k • 77 61 33 2 .k 13 25
3 9 10 67 • 79 65 32 2.2 12 25
6 8 11 63 • 73 60 25 2.1 11 55
9 9 8 70 • 7^ 60 20 2.1 11 ko
10 9 10 63 .72 58 k5 2.2 12 ko
12 8 10 69 •7^ 5k 23 2.3 12 70
13 8 11 6k .71 59 26 2.2 13 Uo
Ik 3 10 68 .73 58 18 2.5 12 60
20 8 13 66 .76 61 23 2.5 13 35
21 7 10 68 •75 66 22 2.3 13 60
2k ' 10 8 66 • 72 60 21 2.1 13 ko
25 3 10 66 • 72 58 21 2.3 10 80
28 2 7 6^ • 72 56 18 2.3 13 80




by Hilton (1 9 6 9). 
l=green; 10=blue-green. 
0=complete loss of previous year's needles; l6=maximum retention and needles
Data
green, 
for other provenances are not available.
Table 3* Significant correlations between isozvme
a/
variables-7 and morphological or physiological 
traits—A
Trait LAPIN LAP22 LAP 3 2 PGI12 PGI22 G0T11 GOT22
Seed v/eight 12) *(-)






Cu 14) **(_) *
Zn 15) * *
Color 14) #





Resin 14) * (-)
Endoderm 14)
Lamma 14) *(-) * (-)
Table 3» (continued)
Trait ME12 ME22 PER 12 PER22 F-EST2 PC-M22 Het
Seed weight 12) ** ■* ** (_
Female 22) * (-) **(-)
Weevil 2 6 )
Gravity 15) **(_) **(-)





Length 14) * (-)
Width 14) * ** (_
Stomata 14)
Serration 14) *(-) *
Resin 14)
Endoderm 14) *
Lamina 14) * (-)
a/ s the most common allele at each locus.
b/ : see Table 1 and 2 in this Appendix.
Numbers in parentheses show number of provenances used 
for correlation calculation.
*• and ** : significant at the 5 and 1 percent level, 
respectively.
(-) indicates negative correlation.
Table 4. Prediction of morphological and physiological traits by 
isozyme variables




Seed weight • 75 ME12 .44) PGM22 .17) PER22 .14)
Female .64 PGM 2 2 • 31) PERU .26) Het .07)
Weevil .37 ME12 .22) LAPIN .08) MDH11 .07)
Gravity .65 F-EST2 .41) MDH11 .14) ME12 .10)
N .92 Het .6 1) G0T32 .26) ME 2 2 • 05)
Cu • 52 LAP32 .41) MDH11 .08) ME22 .03)
Zn • 57 LAP32 .34) PERU .15) F-EST2 .08)
Color .47 PGM22 .17) SDH 2 .17) MDH11 .13)
Retention .81 PGI22 • 32) LAP32 .28) LAPIN .21)
Length • 57 PERU • 32) F-EST2 .1 6) G0T32 .09)
Width .79 Het .64) GOT 3 2 .09) P E R U .0 6)
Stomata .49 LAPIN .17) G0T32 .14) ME12 .18)
Serration • 90 F-EST .34) PERU .36) PER 2 2 .20)
Resin .56 LAP32 .25) PER22 .12) ME12 .19)
Endoderm • 56 ME22 .21) LAPIN .19) LAP32 .1 6)
Lamma .61 LAP22 .29) G0T32 .20) SDH 2 .13)
Mean .64 .34 .18 .12
1 1 9
Appendix 13. Relationships among isozymes and monoterpenes
Geographic variation in Monoterpenes
Hilton (1969) studied cortical monoterpenes of 23 
provenances. Concentrations of alpha-pinene, limonene, 
myrcene, 3-carene and beta-phellandrene were different among 
provenances, but with no distinct geographic pattern. 
Monoterpene composition was highly dependent upon 
environmental influence and only limonene and myrcene 
appeared to be under strong genetic control. Another study 
of variation in monoterpenes showed similar results in that 
alpha-pinene, beta-pinene and myrcene varied between seed 
sources, with no geographic pattern (Gilmore and Jokela 
1977).
Isozyme and Mono ter pene
Correlations among monoterpene concentrations taken 
from the provenances in this study (Wilkinson, unpublished 
data) (Table 5) and isozyme variables are presented in Table 
6. In general, many fewer statistically significant 
correlations among isozyme frequencies and monoterpene
concentrations were recognized than among isozyme 
frequencies and growth or among isozyme frequencies, and 
morphological and physiological traits. However, ME22
showed significant correlations with five monoterpenes.
Three best predictor isozyme variables for each monoterpene 
based on stepwise multiple regressions were presented in
Table 7. The proportion of variation accounted by the three 
isozyme variables also varies, but none exceeded 50 percent. 
Mean proportion for the nine monoterpene variables was 3^ 
percent, approximately half of the value of morphological or 
physiological traits. This seems to indicate weak 
association between monoterpenes and isozymes.
Table 5* Monoterpenes in oleoresin of Pinus strobus^.
3- Myr- Liiro- ^g-phelland- Terpi- Total
Prove. St-pinene Camphene #-pinene carene cene nene rene nolene monoterpene
  percent of oleoresin --
1 1 1 .94 1.65 12.07 8.79 1.77 1.77 3.19 1.17 42.35
2 8.03 1.34 13.69 10.97 4.19 1.32 1 . 8 1 1.31 42.66
3 8 . 2 1 1.23 15.70 2.91 5 . 8 1 2.79 3.70 • 72 4-1.05
4- 1 3 . 1 8 1 . 7 8 12.28 4.27 2.19 1 . 3 0 3.72 .90 39.94
5 8 . 9 6 1.32 1 0 . 7 8 14.93 3.13 0.91 1 . 5 2 1 . 7 2 4-3.27
6 1 5 . 6 2 2 . 1 1 13.47 3.69 3 . 2 0 0.97 2 . 7 8 0.83 4-2.67
8 ' 11.91 1 .49 8.71 14.36 2 .27 0.90 1 . 58 1 . 62 4-2 . 8 7
9 8 . 7 0 1.15 9 . 8 0 11.55 4 .66 1.05 2 . 7 6 1.48 41 . 16
10 13-24- 1.72 1 6 . 1 5 3.79 1.93 0.91 2.82 0.73 39.76
11 9 . 9 5 1.6l 13.45 1 0 . 7 6 2.87 1.38 1.10 1.32 42.4 <
12 1 2 . 5 2 2.09 15 * 66 0.89 4.84 2.66 3.20 0 . 5 6 41.11
13 1 5 . 0 2 2.11 15.42 3-11 2 . 3 6 2.57 3.22 0.74 44. 55
14 1 3 . 3 6 1.96 13.75 1 . 6 2 5.10 0.87 4.03 0.64- 41.32
15 9 . 5 7 1.45 13.53 7.73 3-40 4.25 2.27 1.11 43 • 60
l6 6 . 6 3 1.20 5.48 17.11 4.70 1.4-1 1 . 6 0 1.79 39.93
18, 11.40 1.55 1 6 . 2 5 2 . 6 3 4.99 1.51 3.00 0.68 42.00
19 11.03 1.57 19.53 0.68 5.03 1.89 2.95 0 . 6 0 4-3.26
20 12.55 1.69 15.78 2.03 3.22 3.42 1.84 0.64- 4l.l6
21 13.45 2.11 13.92 4 . 7 6 5.34 1.13 4.04 0.95 45.68
22 10.21 1.73 16.16 0.75 5.00 2.71 4.36 O . 56 41.49
23 11.27 1.51 13.07 1.40 6.00 1.49 3.10 0.66 38.4-8
24 11.40 1.55 1 7 . 6 6 4.4-1 3.85 1.18 1.91 0.79 42.28
25 9-31 1.37 13.00 5.4-6 5-57 1.59 1.95 0.89 39.33
27 12.40 2.02 16.24 3.27 4.13 1.15 1.79 0.84 41 . 8 5
29 7-58 1.47 11.08 5.23 5.92 5.94 2 . 6 0 0.87 4o. 69
30 10.84 1.53 15.25 2.70 4.26 1.97 3 . 6 0 0.66 40.82
a/ s Wilkinson, R. C. (Unpublished data).
Table 5 . Significant correlations between isozyme 
variables and monoterpene concentrations.











All correlations v.'ere based on 26 cases.
*, ** and *** : significant at 5* 1 and .1 percent
level, respectively.
(-) indicates negative correlation.




-pinene .43 ME22 (.23) F-EST2(.10) LAP22 (.10)
Camphene .46 ME22 (.36) LAP22 (.04) F-EST2( .06)
-pinene • 36 ME22 (.23) F-EST2(.09) SDH 2 (.04)
3-carene .41 ME22 (.33) LAP32 (.04) F-EST2( .04)
Myrcene .25 P E R U ( .10) F-EST2(.11) PGM22 (.04)
Limonene .30 LAP1N(.11) F-EST2(.10) ME22 (.09)
-phellandrene .17 ME22 (.08) MDH11 (.05) LAP22 (.04)
Terpinolene .39 ME22 (.31) LAPIN (.04) LAP32 (.04)
Total
monoterpene .32 ME12 (.11) MDH11 (.14) G0T32 (.07)
Mean .34 .21 .08 . 06
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